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Abstrat
The extratropial transition (ET) of tropial ylones often has a negative impat on
the preditability of the atmospheri situation both around the ET event and further
downstream. Guidane with respet to this unertainty an be obtained from ensemble
predition systems. The representation of several tropial ylones that underwent ET are
investigated in the ensemble predition system (EPS) of the European Centre for Medium
Range Weather Foreasts (ECMWF).
The variability in assoiation with an ET in the ensemble members is investigated
performing ase studies of ve ET events. Two North Atlanti and three western North
Pai ases are hosen suh that they over a wide range of ET intensities. In synop-
ti analysis a trough-ridge-trough pattern assoiated with all the ET ases is identied.
Plumes of high unertainty in terms of the standard deviation of the 500 hPa geopotential
are found strething downstream from eah ET event. With the aid of EOF analysis om-
bined with lustering of the prinipal omponents, two harateristi variability patterns
assoiated with unertainty in the shift and the amplitude of the trough-ridge-trough
pattern are found. Relations between the ET development in the individual lusters and
their ontribution to these patterns of variability are seen.
The strutures of singular vetors (SVs) targeted on a spei tropial ylone are
examined. The SVs exhibit dierent strutures in the tropis and in the midlatitudes.
The midlatitude strutures of the SVs are onneted to barolini instability. The tropial
SVs denote inertial and barotropi instability. The SVs are used to aomplish sensitivity
experiments with the ECMWF EPS.
Sensitivity experiments are presented using the ECMWF EPS to investigate the impat
of the perturbations targeted around tropial ylones on the preditability of the extrat-
ropial transition and the downstream ow. Similarly, the impat of the stohasti physis
is examined. Finally, the impat of higher horizontal resolution in the EPS is investigated.
It is found that the targeted perturbations aount for the orret representation of the
spread loser around ET time while the stohasti physis is rather responsible for the
later foreast times. The targeted perturbations have more inuene on the trak spread
while the stohasti physis yields more spread in the intensity in terms of mean sea level
pressure. Without the targeted perturbations the analysis would lie outside of the ensem-
ble spread. The high resolution runs show a better representation of the landfall but still
at the time of the lling the analysis entral pressure is outside of the ensemble spread. It
is shown that the errors introdued into the foreast during ET aet the preditability
far downstream.
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1 Introdution
The threat to life and property due to tropial ylones (TCs) is well known. Tropial y-
lones attrat enormous publi and media attention through their immense wind speeds,
their high damage potential and their exeptional appearane when they are still over
the oean. Often onsiderable media overage is given to tropial ylones even in oun-
tries that are not diretly aeted by them. As soon as the strong winds derease, the
heavy rainfalls weaken and the tropial ylone loses its typial appearane the danger is
redued. In general, the interest in suh a system dereases onsiderably. However, if a
weakening tropial ylone meets an extratropial system with whih it an interat, an
explosive deepening of the resulting system an our. Quikly intensifying wind speeds,
high amounts of preipitation and giant wave heights an our. The remnants of a trop-
ial ylone an move with the midlatitude westerly ow over a notable distane towards
the eastern side of the oean basin, in whih the tropial ylone developed, before inter-
ating with an approahing midlatitude system. Hene, severe weather at the west oast of
the next ontinent and further inland ould be the onsequenes many days after the TC
had weakened or deayed. Moreover, a tropial ylone moving into the midlatitudes an
modify the preexisting ow pattern in the westerlies. Through its irulation impinging
on the jet stream a deaying TC an initiate a Rossby-wave-train whih in turn an lead
to ylogenesis far downstream of the transforming TC.
The transformation of a tropial ylone to an extratropial system, known as Extra-
tropial Transition (ET), ours in every oean basin in whih tropial ylones exist.
The highest number of ET events an be found in the western North Pai. The highest
perentage of tropial ylones undergoing ET ours in the North Atlanti with 45 %.
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Extratropial Transition events pose severe problems for weather foreasters, related to
the fast inrease in forward speed when the transforming TC moves into the midlatitudes.
Diulties arise due to the sudden intensiation of a midlatitude system whih may
be aused by the TC remnants and the resulting severe weather events. While tropial
ylones have been addressed in multiple investigations more eort has been denoted to
the researh of ET reently.
The numerial foreast for ET is often not reliable (Jones et al., 2003). In suh ases of
possibly unertain weather predition it is desirable to have a measure of probability of
the weather foreast. Equally important is the knowledge of whih alternative atmospheri
situations are probable and whih developments are unlikely but possible.
The problem of probability foreast is addressed through the method of ensemble fore-
ast. In general, an ensemble foreast is a olletion of dierent foreasts. These an be
foreasts performed simultaneously by dierent models or model versions, or a number
of foreasts with just one model initialized with varying initial onditions and omputed
simultaneously.
Even before the idea of ensemble predition found its way into the operational weather
enters, foreasters onsidered dierent models and ompared the information with obser-
vations or previous foreasts to issue a new foreast and to estimate its probability. This
an be seen as a subjetive ensemble foreast.
The aim of this study is to obtain information about the unertainty assoiated with an
ET event through investigating ET ases of dierent intensities in an ensemble predition
system. The performane of the unertainty in the ensemble is represented through the
development of dierent ET senarios by the members. Closer examination of suh senar-
ios yields insight into physial properties assoiated with ET. Furthermore, the ensemble
allows probabilities to be assigned to the various representations of ET by the individual
members. For the investigation the ensemble predition system (EPS) of the ECMWF
will be used.
Furthermore, the instability of the atmospheri situation in assoiation with an ET
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is investigated by arrying out new experiments with the ECMWF EPS. The growth,
dispersion and downstream development of unertainties are examined. Unertainties in
the initialization of the TC undergoing ET and in the model due to the small sales of
the TC in the oarse resolved global model will be investigated separately for the hosen
tropial ylone. Furthermore, the inuene of higher resolution on the representation
of unertainties by the ensemble will be tested. This should give insight in the general
propagation of unertainties due to ET.
The study is arranged as follows. A general overview over the proess of ET is given
in hapter 2. Diulties in numerial foreasts in general and in assoiation with ET
in partiular are disussed. Ensemble foreast and the simulation of initial and model
unertainties are explained followed by a short history of the EPS evolution in hapter
3. Case studies of the ETs of ve tropial ylones of dierent intensities in the North
Atlanti and in the western North Pai are desribed in hapter 4 . The desription of
the experiments onerning the growth of initial and model errors follows in hapter 5.
Conlusions of the results in hapter 4 and hapter 5 are given in hapter 6.
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2 Extratropial transition
2.1 Current understanding of extratropial transition
Tropial ylones (TC) moving into extratropial regions are inuened by the hange of
environmental onditions, suh as a more barolini ow and the assoiated higher gradi-
ents of horizontal and vertial windspeed, a higher Coriolis parameter, lower sea surfae
temperatures (SST) and strong SST gradients, extratropial synopti systems, hange
of moisture gradients and higher frition, if the TC makes landfall. These modiations
dier between individual ases.
Extratropial transition is a proess during whih the tropial ylone hanges its har-
ateristis gradually and beomes more extratropial. If it moves into the viinity of an
extratropial trough or a mature extratropial system the remnants of the ex-TC an
strengthen or get re-infored by the midlatiude system. The re-intensiation as an ET
system of the ex-TC depends strongly on the relative position of the TC remnants and
the extratropial system, whih is alled their phasing (Rithie and Elsberry, 2007). Fig.
2.1 shows a simulation of 16 dierent TC position relative to an upstream trough in the
geopotential eld and their nal intensities. In general the loser the TC is loated at the
upstream trough the stronger it an re-intensify. However, dierenes an also be seen in
the longitudinal positions. The dissipating TCs have a stronger eastward omponent due
to their far southward loation. Hene, they pass the trough to the south, are adveted
by the westerlies and dissipate in the environmental wind-shear thereafter. The strong
re-intensiers lose to the upstream trough are adveted northwards into the barolini
zone by the southerly winds ahead of the trough.
11
12 2.1. Current understanding of extratropial transition
Figure 2.1: Initial positions of TCs relative to an upstream trough marked by T in the 500 hPa
geopotential eld in 16 model simulations performed by Rithie and Elsberry (2007). Their nal intensities
are lassied by S = strong intensier, M = moderate intensier, W = weak re-intensier and D =
dissipator. Their entral pressures are given in hPa.
Klein et al. (2000) proposed a oneptual model of ET that onsists of two stages,
the so-alled transformation and extratropial stages. During the transformation stage
the TC starts to reat to the dierent environmental onditions. The TC responds to the
higher environmental windspeeds with inreased forward motion and undergoes strutural
hanges. The symmetri appearane of its outow seen in satellite pitures beomes more
asymmetri when it impinges on the preexisting midlatitude barolini zone. The om-
paratively large sale irrus shield assoiated with the outow of the TC is transported
downstream by the higher vertial wind shear and expands widely in area. Inow of ooler
drier poleward air to the west leeds to a partial erosion of the eye-wall and the formation of
a so-alled dry slot on the south west side of the TC. The loud pattern is more omma-
shaped. The appearane of the dry slot is dened as the beginning of the transformation
stage by Klein et al. (2000). When the TC moves over ooler SSTs, over stronger gradients
of SST or over land it an lose ontat to its energy soure in terms of high thermal and
moisture uxes or asymmetries in the onvetion an develop. The warm ore of the TC
is tilted downstream with height beause of the higher vertial shear of the horizontal
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wind. This leads to an asymmetri distribution of temperature and preipitation. If the
TC moves over land enhaned frition is responsible for a spin-down of the system. If
the ET system an omplete its transformation stage it has an extratropial struture.
That may inlude a old ore, enhaned frontogenesis, onversion of available potential
energy into eddy kineti energy. Not every TC beginning ET an omplete the proess. If
the transforming system makes landfall, moves over ooler water or if the environmental
vertial shear gets too strong it will dissipate. The longer a transforming system has to
travel through regions of high vertial wind shear and low SSTs without drawing energy
from the extratropial ow, the higher is the probability that it will deay. This is the
reason why the most Atlanti TCs undergo ET in September and Otober as in these
months the distane between the areas where the development of TCs is supported to the
regions where extratropial development is supported is shortest (Evans and Hart, 2003).
A system that has ompleted its transformation stage an re-intensify when it moves
into the viinity of an extratropial disturbane. If a positive upper-level PV anomaly, i. e.
an upper level trough, approahes the PV anomaly in the mid troposphere of the deaying
tropial ylone a westward tilt with height of the PV anomaly an develop. This is a
onstellation that is favorable for barolini development and a strong re-intensiation
as extratropial system an result.
2.2 Challenges in numeri foreast
Foreasters in eah regional enter responsible for issuing warnings and taking preventions
are faing the same problems when dealing with ET events. They have to handle diulties
in trak foreast, with the strength and distribution of surfae winds, with preipitation
and possible ooding and with wave height when an ET ours over the oean.
Numerial foreast models provide the primary guidane for the operational weather
foreaster. It is the responsibility of meteorologists to provide aurate model preditions
of the atmospheri state.
An example of the extent of error growth due to small inauraies in the initial on-
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ditions and due to an imperfet model is the deterministi foreast from 23 September
2005 12 UTC verifying on 29 September 00 UTC (Fig. 2.2). In the foreast (Fig. 2.2 a) a
strong deep pressure system is seen at the west oast of Ireland. Horizontal wind speeds
of over 33 ms
−1
in 850 hPa are foreast over Ireland. The entral pressure of the system
has values of 975 hPa and is followed by another slightly weaker deep pressure system.
The analysis of 0000 UTC 29 September (Fig. 2.2 b), however, shows the midlatitude
deep pressure system east of the oast of Newfoundland. A frontal system with high wind
speeds an be seen at its southern part. Over Ireland a strong ridge and mean sea level
pressures of 1015 - 1020 hPa an be seen. The strong deep pressure system over Ireland in
the deterministi foreast is ex-Hurriane Philippe whih underwent ET in the Atlanti
at 23 September 2005 12 UTC in the foreast. In the analysis Philippe deayed at 23
September 12 UTC and its remnants an be seen in form of the frontal system at about
40  45
◦
N and 45
◦
W.
a) b)
Figure 2.2: (a) Deterministi foreast from 1200 UTC 23 September for 0000 UTC 29 September
2005, i. e. 6 days after the deay of TC Philippe (2005). (b) analysis for 0000 UTC 29 September 2005.
Horizontal wind at 850 hPa (ms
−1
, shaded) and mean sea level pressure (hPa, ontours).
This ase of false alarm is fatal as the publi may lose ondene in the weather foreast
and the eonomy, for example the gastronomy, would experiene extensive loss.
The auray of a weather foreast depends not only on the presene of errors but
also on the stability of the environmental ow in that they are introdued. In a stable
environmental ow a foreast may be almost indierent to small errors while in a more
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unstable ow they an lead to a ompletely wrong foreast already for veriation times
shortly after initialization.
Lorenz (1963a) stated that the atmosphere is a haoti system. He dened a dynamial
system as haoti if most trajetories or orbits (solutions of the system of dierential
equations, see setion 3.1) in phase spae diverge far from eah other after a ertain time
although they were lose together in the beginning. Lorenz (1963a) ompared two runs of
the same model that diered only by round o errors in the initial onditions. After a few
weeks foreast time the solutions were no more similar than two random trajetories of
the model. Hene, small inauraies in the initialization of a weather foreast an lead to
large deviations from the true atmospheri development after a small period of linear error
growth, i. e. after some days. This eet is alled the buttery eet after Lorenz who
raised the question if a minusule disturbane like the ap of a buttery's wing an set o
a tornado (Kalnay, 2003). The degree of auray with whih an atmospheri situation
an be foreast is alled the preditability of this situation. The preditability varies from
day to day and from region to region depending on the stability of the environmental
ow. Lorenz (1963a) showed that as the atmosphere is a nonlinear dynamial system with
instabilities it has a nite limit of preditability even if the model is perfet and even if
the initial onditions are almost perfet. He estimated the limit of weather preditability
as about two weeks.
A weather foreast onsists of prediting the development of an atmospheri state with
time. If a numerial model is assumed to be perfet, i. e. no errors are introdued during
the model run, an inaurate foreast is exlusively due to errors in the initial ondi-
tions (Buizza et al., 1999). These emerge due to measurement unertainties and during
the preparation of inoming observational data for a foreast, a proedure alled data
assimilation yle. The neessity for this proedure arises beause of the non-uniformly
distributed observations over the globe. Eah grid point on a latitude-longitude model
needs to be given an initial value for at least the main prognosti variables temperature,
moisture, horizontal wind and surfae pressure. For a horizontal resolution of 1
◦
and 20
levels this would be 1.3×106 grid points over the whole globe. Hene, over 5×106 vari-
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ables would be needed. For a time window of ± 3 hours 1×104 - 1×105 observations of
the atmosphere are available. This is about 2 orders of magnitude less than needed and,
onsequently, raises the demand for a rst guess or bakground state (Kalnay, 2003). The
bakground state is in general a short range foreast (about 6 hours) from the initial state
of an earlier time (Palmer, 2004).
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Figure 2.3: Flow diagram of a typial data assimilation yle (Kalnay, 2003).
During the data assimilation yle (Fig. 2.3) measurements and suh a short range
foreast are adjusted to eah other. Observations are gathered and inserted in the model
and with the aid of a so alled ost funtion the dierene between the bakground and
the observations is minimized. Through data assimilation the analysis is obtained whih
represents the initial onditions for the next foreast.
Errors an be introdued through unertainties in the measurement systems and through
the heterogeneous data overage over some areas. Over the oeans, for example, suient
single level data like satellite data may be available (Velden et al., 1997) but there is a
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lak of multilevel data. Furthermore, errors are introdued through the interpolation of
observational data on the grid points.
As the assumption of a perfet model does not hold, errors an be additionally introdued
during the model run (Buizza et al., 1999). These are trunation errors and unertainties
in the parameterization of subgrid sale proesses. Some of these errors exhibit a fast
growth (Palmer, 2004).
In the numerial foreast suh growth of small initial deviations from the atmospheri
state and of model errors an have disastrous onsequenes. If severe storms or possible
ooding events are not foreast in time neessary preautions are made too late and a
lot of damage an be aused that might have been avoided. This arises the demand for
a probability foreast of the deterministi foreast. It is important to get information of
how well a foreast an be trusted and to get early warnings through the hint on other
possible atmospheri developments.
2.3 Inuene of extratropial transition on the
numerial foreast
The predition of extratropial transition poses essential problems to the numerial fore-
ast. Several limited area models exist that have high enough resolution to simulate the
internal struture of a tropial ylone to provide intensity foreasts. However, when TCs
move into the midlatitudes boundary onditions from global models are required to sim-
ulate their interation with the large-sale extratropial systems. These models have a
muh oarser resolution that is adequate to predit the large-sale synopti systems of
the midlatitude irulation. They in turn annot resolve the small sale features, like deep
onvetion, whih provides the energy soure of a tropial ylone (Jones et al., 2003).
As neither of these model types is appropriate to simulate both the omplex physial
interations during an ET and the transition from the small sales of a tropial ylone
to the large sales of an extratropial systems, a lot of unertainty is assoiated with the
predition of ET. Small errors in the initial onditions an lead to large errors in the
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numerial foreast depending on the stability of the atmospheri state as desribed in the
previous setion.
2.3.1 Trak foreast
The trak foreast assoiated with an ET is an important problem. The resolution of global
models is learly not high enough to resolve the inner strutures of TCs. Hene, they are
not adequate for intensity foreasts. However, information is obtained from global models
about the broad strutures and the environment surrounding a TC. Therefore, global
models have some skill in prediting traks (Puri et al., 2001). However, the trak foreasts
in the models are variable and an vary substantially from one day to the next. Thus, the
foreaster would need a measure of probability or reliability of the trak foreasts.
Diulties are assoiated with the foreast of reurvature. A TC might be steered
polewards on the western ank of a subtropial high pressure system or ahead of a trough
that extends equatorwards into the subtropis. The question as to whether the TC will
re-intensify as an extratropial system or not depends strongly on the phasing between the
deaying TC and the extratropial irulation. If a numerial foreast model is not able
to predit the phasing between the ex-TC and a midlatitude system orretly this would
result in a poor foreast (Klein et al., 2002; Rithie and Elsberry, 2007). However, the
foreast is even more sensitive to small position errors when the TC has moved into higher
latitudes and inreases its forward speed markedly under the inuene of the midlatitude
westerlies. A orret determination of the timing when the deaying TC starts to aelerate
is important. Small unertainties in the time when the translation speed is enhaned an
result in trak errors of hundreds of kilometers (Jones et al., 2003). For example, a small
delay in the onset of the high translation speed in the model ould ause the TC to
miss a trough or a front approahing from upstream and a deay of the system may be
foreast while in reality the system re-intensies strongly through interation with the
extratropial system. This is an example of a haoti development, i. e. a small position
error an result in a totally dierent development of the atmosphere.
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2.3.2 Subgrid sale proesses
A diult hallenge for numerial models is the desription of proesses that are of subgrid
sale, i. e. that are too small to be resolved by the model grid. These proesses alled
model physis inlude ondensation, evaporation, moist onvetion, turbulent transfer
of moisture, gravity waves, frition and so on. Proesses that are resolved by the grid
and are omputed expliitly by the model equations are alled dynamis. Small errors
originate in the interation of dry advetive dynamis with subgrid sale moist proesses
and their growth may be enhaned through the dynamial instabilities of the atmospheri
ow.
Subgrid sale proesses are parametrized, i. e. expressed in terms of variables that are
expliitly represented in the atmospheri dynamis. As by the parameterization the real
state of the physial proesses an only be estimated some inevitable deviations develop
between the observed variables and the model tendenies.
Through frition or moving over ooler water a TC may redue its intensity by inreasing
its mean sea level pressure and it grows in sale. However, during the transformation stage
(Klein et al., 2000) the weakening TC still ontains a notable amount of moisture and
latent heat release in the midtroposphere from the remaining deep onvetion. Davis
et al. (2007) found that the remnants of TCs have a substantial diabati ontribution
to the development of a barolini ylone. Errors indued by the parameterization of
moist proesses not only have eets on the foreast of the intensity of the ex-TC in
the midtroposphere but also have a dynamial impat on the outow. Unertainties in
heat and moisture ontent result in unertainties assoiated with the predition of the
onvetion that in turn leads to inauraies in the foreast of the height and horizontal
sale of the outow. Furthermore, if a deaying TC reurves but stays equatorwards of the
strong vertial wind shear of the midlatitudes it an remain its irulation and transport
a large amount of moisture along. A midlatitude system approahing several days after
the deay of the TC may possibly interat with the remnant moisture eld. Unertainties
in the intensiation of the extratropial system many days later may be the onsequene.
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Other proesses that may ause problems due to their parameterization inludes the
turbulene ourring through the impinging of the outow of the TC on the midlatitude
jet stream. Rappin et al. (2006) found in their model studies that stronger jets produed
more rapid intensiations of TCs beause of the stronger inertial instabilities at the anti-
yloni shear side of the jet. Furthermore, the jet is a region where barotropi instability
an our if the horizontal wind prole has a ertain urvature, i. e. if the aeleration
is high enough. Moreover, the barolini instability is high in the jet through the strong
vertial shear of horizontal wind speeds (Pihler, 1984; Holton, 1992). Unertainties in
the parameterization of turbulene in these unstable regions leading to unertainties in
the jet strength an have a strong eet on the preditability of the intensity of an ET.
2.3.3 Downstream propagation of unertainty
An ET does not only inuene the preditability in its environment but it an also have
an impat on the midlatitude irulation far downstream.
Aording to Hoskins et al. (1985) the dynami tropopause an be seen as a representa-
tion of upper level PV distributions. In adiabati fritionless ow anomalies in the poten-
tial temperature on a surfae of onstant potential vortiity, for example the tropopause,
an be seen as anomalies of potential vortiity (Morgan and Nielsen-Gammon, 1998). This
will be explained in detail below.
The eet of an ET on downstream development of disturbanes an be desribed on
the dynami tropopause. The TC an be imagined shematially divided into two ro-
tational omponents. The yloni omponent desribing the omparatively small sale
yloni irulation in the TC ore throughout the tropopause and the antiyloni om-
ponent desribing the larger sale antiyloni irulation in the outow of the TC. When
a TC approahes the midlatitude jet, a ridge forms in the jet through the northwards
advetion of high potential temperature to the west and southwards advetion of low po-
tential temperature to the east of the TC aused by the antiyloni irulation. At the
tropopause the antiyloni irulation exeeds the yloni irulation and when both are
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entered on the axis of the TC almost only the antiyloni part an be noted espeially
farther away from the enter. The divergent wind in the outow additionally advets high
potential temperatures into the ridge what sustains the formation of a distint negative
PV anomaly. The northward advetion at the westside of the system ausing negative
relative vortiity due to the onservation of absolute vortiity is exatly the mehanism
that exites a Rossby-wave-train whih propagates to the west relative to the basi state
ow. As soon as the tropial ylone gets under the inuene of the strong vertial shear
in the midlatitudes the PV tower gets tilted and the antiyloni part is shifted down-
stream relative to the yloni part. This is a onstellation that allows the yloni part
to transport air of high potential temperature into the ridge at its eastern side and low
potential temperature into the trough upstream of the ridge at its western side. Thus, the
yloni parts at to sustain the amplitude of the ridge and the steepness of the upstream
trough-ridge pattern. The antiyloni irulation is responsible for the westward prop-
agation relative to the basi ow and for the downstream development. On its eastern
side it ontinues adveting air of lower potential temperature into the downstream trough
whih deepens onsequently (Riemer et al., 2007).
Small errors in the phasing of the weakening TC and the midlatitude wave pattern
ould lead to weakening or ampliation of this mehanism by positive or negative in-
terferene with the preexisting midlatitude wave pattern. Consequently, errors an travel
downstream with the Rossby-wave-train.
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3 Ensemble predition
3.1 Theory of ensemble foreast
In the previous setion it has been desribed that the auray of numerial weather
foreast will always be limited. One single foreast does not yield information about its
own auray and whether the atmospheri situation has a low or a high preditability.
Beause of the inevitable error growth, a foreast that onsists of several solutions instead
of only one, a so-alled ensemble of foreasts or simply ensemble foreast, is of more value
than the deterministi foreast alone (Traton and Kalnay, 1993). A deterministi foreast
is a fully determined foreast initialized with omplete, ertain, suiently aurate initial
onditions. It produes a single partiular result and does not give information about its
unertainty. Ensemble foreast an be treated as stohasti. A stohasti proess is
non-deterministi, i. e. one solution is only one of many possible solutions (Shönwiese,
1985). An ensemble foreast an be seen as probability foreast and onsists of marginally
dierent initial states of the atmosphere developing into dierent nal states after a ertain
foreast time. The small deviations of the initial states are foreast error estimations
and are represented by small perturbations of the foreast model, referred to as initial
perturbations. Depending on the number of members of the ensemble showing similar
nal states probabilities an be assigned to the dierent foreasts.
In the ase of a probability foreast the individual prognosti variables with their es-
timated unertainties are desribed by probability density funtions (pdf) ρ(X, t) where
X desribes an atmospheri state and t the time. The evolution of a pdf is usually on-
sidered in phase spae. If the state of a system is desribed by m variables x1, ..., xm the
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phase spae is an m-dimensional Eulidean spae with oordinates x1, ..., xm. Eah point
in the phase spae represents an instantaneous state of the system. Hene, the state of
the system at one time in phase spae is fully desribed by just one point. A temporal
development of the system, known as trajetory in phase spae (Lorenz, 1963a), is de-
sribed by a suession of suh points. As the real state of the system X is unertain it is
desribed by the pdf instead of just one point. The probability that the state X lies in a
volume S of phase spae at time t is
∫
S ρ(X, t)dS (Palmer, 2004). Ensemble predition is
the predition of the evolution of the pdf of the individual model variables from an initial
state to a future pdf. The future pdf desribes the state of the atmosphere at the end of
a limited time interval.
Epstein (1969) rst introdued stohasti-dynami foreasting under whih falls ensem-
ble predition. He derived a foreast equation that desribed the evolution of the pdf with
time under the dynamis of the foreast model.
∂ρ
∂t
+∇D · (X˙ρ) = 0 (3.1)
This ontinuity equation is alled the Liouville equation (Epstein, 1969; Ehrendorfer,
1994). Analogous to the ontinuity equation in uid dynamis whih desribes the mass
onservation, it states that no probability density, i. e. ensemble member, an be reated
or destroyed. The model has D dimensions.
A foreast of the true probability would have to be started from an innite number of
initial perturbations overing the unertainty ompletely. Although Epstein (1969) showed
that the future pdf an be approximated by prediting only the rst two moments, the
mean and standard deviation of the initial pdf, stohasti-dynami foreasting was still
not feasible for modern foreast models as they have too many degrees of freedom as
desribed in setion 2.2. Eah of the grid points would have to be provided with a pdf for
eah model variable.
Leith (1974) proposed the Monte Carlo ensemble foreast with a nite number of mem-
bers. The method of assuming random initial perturbations that are added to the initial
onditions and performing an ensemble foreast is known as the Monte Carlo tehnique.
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In the Monte Carlo method the pdf is preisely dened by all of the random initial pertur-
bations. The higher the number of dimensions of the problem the more useful the result
obtained by the Monte Carlo method.
However, in weather predition the pdf is unertain beause the number of dimension
in urrent numerial foreast models is too high. It is tehnially not possible to solve the
partial dierential equations of the model with a suiently high number of perturbations
that over the unertainties in all the degrees of freedom (model variables, grid points,
...). Therefore, the pdf an only be alulated approximately. The purpose of reasonable
ensemble predition is to over the largest possible unertainties in the atmosphere, i. e. to
desribe the largest possible error growth. The ensemble has to be reliable in the sense that
if there are instabilities in the atmosphere the ensemble has to detet them by showing
suient deviation between the dierent solutions of the individual foreasts. If the highest
unertainties are perfetly desribed the real atmospheri development should be inluded
in the ensemble in any ase. Furthermore, the ensemble members should stay lose together
if there are not muh unertainties in the atmosphere, i. e. the members should not
indiate unertainties if there are none. Therefore, instead of desribing the evolution of
the omplete pdf it is only neessary to nd out these small initial perturbations that will
grow most and yield the most dierent solutions of the individual foreasts.
A shemati of an ensemble foreast is shown in Fig. 3.1. At the beginning the individual
foreasts, started from slightly perturbed initial onditions, lie lose together. In this phase
they an be seen as one deterministi foreast in the sense that one single initial state
is determined and the foreast yields one unique foreast state (Palmer, 2004). After a
ertain time, however, the foreasts in Fig. 3.1 show a muh larger spetrum of possible
solutions. Examining how far and after whih time the solutions diverge from eah other
allows a quantiation of the unertainty and an estimate of how long the atmospheri
situation an be predited with a good degree of auray. Fig. 3.1 indiates that in the
deterministi phase the ensemble mean would be a good representation of the development
in all the ensemble members. In the stohasti phase, however, the mean in the ase shown
in Fig. 3.1 would be of no use as it would deviate far from all the members and overlap
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with none of them. However, investigating the groupings of ensemble members during the
stohasti phase an give information about alternative atmospheri evolutions and their
probability, depending on the number of members in the individual groups.
Figure 3.1: Shemati of ensemble predition, with individual trajetories drawn for foreasts starting
from a representative set of perturbed initial onditions within a irle representing the unertainty in
the initial onditions and ending within the range of possible solutions, represented by the ellipse. For the
shorter range, the foreasts are lose to eah other and they may be onsidered deterministi, but beyond
a ertain time, the foreast is stohasti. Foreasts may luster into groups of similar trajetories (denoted
A and B in the gure), whose probability of veriation may be related to the number of foreasts in
eah group (Traton and Kalnay, 1993).
The initial error growth and the length of time over whih the ensemble members still lie
lose together depend strongly on the initial state of the atmosphere. Some atmospheri
ow patterns, for example bloking antiylones or ut-o lows, are known from the
experiene of operational weather foreasters to be very stable and thus very preditable.
Other ow types are very unstable and therefore unpreditable. The Lorenz attrator
(Lorenz, 1963a) gives a nie example of the dependene of the ow development on the
initial state. It desribes the development in time of a 3-dimensional, dynami, non-linear,
autonomous system with three variables in phase spae. Two dimensions of the Lorenz
attrator are shown in Fig. 3.2. The time development of the three model variables x1, x2
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and x3 is determined by
dx1
dt
= κ(y − x1)
dx2
dt
= γx1 − x2 − x1x3
dx3
dt
= x1x2 − φx3
(3.2)
where x1, x2 and x3 are the three model variables and κ, γ and φ are parameters that are
kept onstant within one integration. The parameters an be hanged, however, to obtain
a family of solutions. The system is non-linear sine it ontains produts of the dependent
variables, dynami sine it desribes the development with time of the variables and
autonomous sine the oeients are not time dependent. The dimensions of the phase
spae are the independent variables x1(t), x2(t) and x3(t) and the points in the phase
spae show the simultaneous values of the three variables at any time.
In Fig. 3.2 only x1(t) and x2(t) are presented. The solutions of Eq. (3.2) are the orbits
or trajetories in phase spae. An attrator is an attrating state of the system that is
approahed by trajetories in phase spae again and again. An atmospheri attrator
would be, for example, the limate. The blak irle in Fig. 3.2, whih would atually be a
a) b) )
Figure 3.2: Phase spae evolution of an ensemble of initial points on the Lorenz (1963a) attrator for
three dierent sets of initial onditions.
sphere in the 3-dimensional system, ontains dierent estimated states of the atmosphere
at the initialization time of a foreast. The irle is reated by adding small errors to
points on the attrator. The irle of points is the pdf of the atmospheri state in phase
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spae. The two wings of the attrator an be onsidered as two dierent weather regimes
(Buizza, 2004). If the points are added in regions that are stable (Fig. 3.2 a) they stay
lose together. Small perturbations stay small and the situation is highly preditable. All
of the points in the irle in Fig. 3.2 a desribe a regime hange. If the small perturbations
are added in a less stable region (Fig.3.2 b) the points in the sphere stay lose together for
a short time, indiating good preditability for a nite period but thereafter they show
a bifuration. About 50 % of the initial atmospheri states show a regime hange and a
muh wider range of possible developments. Hene, the situation is quite preditable for a
short time but a regime hange ould be foreast with a probability of only 50 %. Adding
the small initial errors on points of the attrator that are loated in very unstable regions
(Fig. 3.2 ) the atmospheri states that have been very similar in the beginning evolve
into ompletely dierent states after a very short time and a total loss of preditability
would result even for a short range predition.
3.2 Generating the ensemble
Adequate omputer resoures for the omputationally expensive method of ensemble fore-
asting only beame available at the beginning of the 1990s. Ensemble foreasting was
implemented in Deember 1992 both at the ECMWF and at the US National Centers of
Environmental Predition (NCEP). The ensemble at the ECMWF is generated by per-
forming 50 runs with a version of their numerial weather predition model that is about
half as high resolved as the version used for the operational foreast. The ensemble is ini-
tialized with 50 slightly dierent initial perturbations added to the initial best estimate,
i. e. the analysis.
The aim of the ensemble foreast is to predit a probability of an event that mathes
the perentage of ourrene of this event. Taking an example out of limate predition,
one an say that the foreast probability that it will rain a ertain amount one partiular
day in the year should be equal to the perentage of suh rain events on this day over
past years. The ensemble should be reliable, that is its hit rate has to be high and its false
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alarm rate has to be low. In other words, if an event ours it should be foreast and if it
does not our, it should not be foreast. Reliability of the ensemble involves the detetion
of the fastest growing errors, as explained in the previous setion. A quantity to determine
how far the ensemble members dier from eah other at a given time is the spread, often
represented by the standard deviation with respet to the ensemble mean or the root-
mean-squared dierene with respet to the ontrol foreast. If the initial unertainties
are fully desribed by the initial perturbations of the EPS and model errors play no role, a
small spread would indiate a very preditable situation. In ontrast, a large spread of the
possible atmospheri developments should oinide with a low preditability. However,
the spread is not only used as a measure of unertainty. It also yields information about
possible alternative atmospheri developments and indiates whih events are not likely
to happen.
To get information about the highest possible unertainty it is important that the
largest possible error growth is ontained in the ensemble foreast. Therefore, estimating
the pdf that desribes the initial unertainties inludes identifying the strutures, that
are the most important ones for the dynamial development and the dispersion in the
ensemble (Leutbeher and Palmer, 2007).
3.2.1 Initial perturbations
The perturbations that are used to initialize an ensemble have to be onstruted suh that
the ensemble desribes the largest possible deviations of initially very similar atmospheri
states from eah other. It would be useless to onstrut initial perturbations from random
or arbitrary hosen errors beause they might not omprise the fastest growing error
strutures and a onsequential low spread ould erroneously indiate a high preditability.
Hene, the strutures that exhibit high instabilities in the atmospheri ow have to be
identied. To give an example, suh strutures that grow strongly may be assoiated with
troughs in the geopotential that are tilted to the west with height, i. e. the strutures
indiate regions of barolini instability.
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Dierent methods are used at dierent weather foreast enters to nd the most un-
stable strutures with whih they initialize their ensembles. The US National Centers
for Environmental Predition (NCEP), for example, uses bred vetors (Toth and Kalnay,
1997). These are generated by perturbing their model with a random number. The per-
turbed and unperturbed states are evolved with their non-linear foreast model for some
time. At the end of that time the dierene between the two runs is resaled to the am-
plitude of typial analysis errors and inserted as new dierene of the new state from the
unperturbed. The growing yle is repeated and the bred vetor is the perturbation that
is obtained after several growing and resaling yles. The Canadian Meteorologial Ser-
vie uses initial onditions based on an ensemble transform Kalman lter (ETKF) that is
very similar to the breeding method of the NCEP. The ETKF tehnique is like a rened
breeding method in the sense that the resaling is replaed by a linear transformation.
At the ECMWF initial perturbations are alulated using singular vetors (SV). Sin-
gular vetors are obtained trough performing a stability analysis whih is the general
proeeding in the searh for unstable strutures. A stability analysis omprises the sub-
stitution of the model variables with their basi state plus a small perturbation. The
behavior of the perturbation under the inuene of the stability of the basi ow, i. e.
the growth or deay of the perturbation, has to be investigated. Long time perturbation
growth is dominated by the exponentially growing eigenmodes, also alled the exponen-
tially growing normal modes, of the ow following the instability riteria of Rayleigh
(1880). However, strutures exist that have greater ampliation rates than the most un-
stable normal mode over some nite time interval (Farrell, 1982). These strutures, alled
singular vetors, desribe the largest possible transient error growth. After a suiently
long time the most unstable struture will orrespond to the most unstable normal mode.
Singular vetors are a generalization of eigenvetors.
To illustrate the general stability analysis that yields the SVs as fastest growing solu-
tions, it is onvenient to reall rst the well known traditional form of stability analysis
performed for example in the Eady (1949) model. The important dierene between the
general and the traditional form is the time dependene of the basi state. While in the
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traditional stability analysis the basi state is assumed to be time independent the ow
in the general stability analysis varies slowly in time.
In both the general and traditional stability analysis a nonlinear model is onsidered in
that the spatially disretized partial dierential equations that govern the dynamis an
be written as a set of nonlinear oupled ordinary dierential equations F (Kalnay, 2003;
Leutbeher and Palmer, 2007).
dX
dt
= F(X) (3.3)
To test the stability of the system of equations the behavior of small deviations from the
basi state has to be examined. Although in the mature and deaying phase of the life
yle of a perturbation nonlinear eets are important, linear theory an be applied during
most of the intensiation stage (Farrell, 1982). The model variables (e. g. temperature,
wind, spei humidity, ...) are deomposed into a basi state and perturbation quantities,
so that a trajetory X(t) is split into X = X¯+ x′. Hene, a Taylor expansion of Eq. (3.3)
yields
dX
dt
=
dX¯
dt
+
dx′
dt
= F(X¯) +
∂F
∂X
∣∣∣∣∣
X¯
x′ +O(x′
2
) = F(X¯) +Alx
′ +O(x′
2
) (3.4)
Linearization implies that x′x′ = 0 suh that the terms of order O(x′2) and higher an be
negleted. The Jaobian of F, ∂F
∂X
∣∣∣
X¯
= Al, is alled the tangent linear model in dierential
form onsisting of the linearized model equations. It has been introdued rst by Lorenz
(1965). Consequently the evolution of the perturbation x′ is desribed by
dx′
dt
= Alx
′
(3.5)
In the Eady (1949) model the traditional stability analysis is performed. It is regarded
as the simplest model that represents barolini instability. Sine it implies the assump-
tion of a time independent basi state, the tangent linear model Al in Eq. (3.4) is time
independent. The growth of the small perturbations is alulated with an exponential
approah:
x′ = f(X)eλt (3.6)
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Substituting (3.6) into (3.5) gives
Alf(X) = λf(X) (3.7)
The long term growth of the initial perturbations is revealed by their projetion onto
the normal modes or eigensolutions, i. e. the eigenvetors with eigenvalues λ of the time-
independent tangent linear model Al. However, it is important to note, that over nite
time intervals strutures exist that grow faster and stronger than the most unstable normal
modes. This is aused by the non-normality of the tangent linear model (Farrell, 1982).
In the real atmosphere a general stability analysis has to be performed inluding the
time dependene of the basi state trajetory X¯(t). In this ase the tangent linear model
in Eq. (3.4) is time dependent. Integrating Eq. (3.5) a perturbation at time t1 an be
found through
x′(t1) = x
′
0 +
∫ t1
τ=t0
Alx
′dτ (3.8)
where x′0 denotes the perturbation at initial time. Following Kalnay (2003) the stability
problem an be solved numerially applying a time dierene sheme to Eq. (3.3), for
example the Crank-Niholson sheme
Xn+1 = Xn +∆tF
(
Xn +Xn+1
2
)
(3.9)
This yields a non-linear model solution
X(t1) =M[X(t0)] (3.10)
where M is the time integration of the numerial sheme from t0 to t1. Adding a small
perturbation x′(t) and linearization similar to Eq. (3.4) the tangent linear model is ob-
tained
x′(t1) =
∂M
∂X
x′(t0) = L(t0, t1)x
′(t0) (3.11)
where L is the tangent linear propagator that desribes the evolution of a perturbation
from time t0 to time t1. The adjoint of the tangent linear model on its part desribes
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the evolution of a perturbation from time t1 to time t0. In the interest of simpliity it
is assumed that the model has only real variables, i. e. that the adjoint of the tangent
linear model L∗ is simply the transpose of the tangent linear model LT (Kalnay, 2003).
The key property that allows transient growth larger than that of the eigenmodes is the
non-normality of L, that is, LLT 6= LTL.
Calulation of singular vetors
In order to nd the fastest growing solutions or perturbations of the tangent linear model
and its transpose, a singular value deomposition has to be performed (Björnsson and
Venegas, 1997). This an be seen as generalized eigenanalysis. For any matrix there exists
an orthogonal m x m matrix U and an orthogonal n x n matrix V suh that
L = UΣVT (3.12)
or
LV = UΣ (3.13)
with UTU = 1 and VTV = 1 (Golub and van Loan, 1996). Σ is a diagonal m x n matrix
with the dereasing singular values σi (σ1 ≥ σ2 ≥ ... ≥ σn) as elements. The olumns ui
of U are the left or evolved singular vetors of L sine they orrespond to the end of the
optimization interval. The olumns vi of V are the right or initial singular vetors of L
sine they are valid in the beginning of the optimization interval (Kalnay, 2003).
To alulate the SVs some transformations are neessary. Left multiplying (3.12) with
UT yields
UTL = ΣVT (3.14)
Transposing (3.14) we obtain
LTU = ΣV (3.15)
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Considering that Σ is diagonal, left multiplying (3.13) with LT and using (3.15) we obtain
LTLV = Σ2V = ΛV or LTLvi = σ
2
i vi = λivi (3.16)
where λi = σ
2
i and Λ is a diagonal matrix with the elements λi. Solving this eigenvalue
problem the initial SVs are obtained as eigenvetors of LTL. The leading initial SVs are
the strutures that will grow most quikly and strongest in amplitude from time t0 to
time t1.
To alulate the left SVs we left multiply (3.15) with L and with (3.12) we obtain
LLTU = Σ2U = ΛU or LLTui = σ
2
i ui = λiui (3.17)
Solving this eigenvalue problem yields the evolved SVs as eigenvetors of LLT. The leading
evolved SVs determine the struture of the perturbations after the period of maximal
growth. The time interval (t0, t1) during that the leading SVs should have grown maximally
is alled the optimization time. Singular vetors are ordered aording to their growth rate,
i. e. their singular values, suh that the fastest growing struture is the rst singular vetor
(SV1), the seond fastest growing is the seond singular vetor (SV2) and so on.
The growth of the perturbations of the model variables x′ during their optimization
time has to be quantied by an appropriate measure. In other words, the perturbation
growth has to be dened relative to a partiular hosen quantity. The growth will depend
on how the amplitude is dened. A nie example to explain the use of these measures is
given in Kalnay (2003), where the following question is posed: What is the optimal initial
perturbation (measured by the square of the hange in surfae pressure over the states
of Oklahoma and Texas) that produes the maximum nal hange after a 1-day foreast
(measured by the hange in the vortiity between surfae and 500 hPa over the eastern
USA)? . This measure is ontained in the denition of a norm by whih the SVs are
dened. It measures the perturbation amplitude at initial and nal time. Furthermore,
the measure weights the perturbations x′0 and x
′
1 of the model variables in Eq. (3.11) in
the sense that the perturbation growth is determined by onsidering only seleted model
variables, i. e. those ontained in the measure. In ensemble foreast a norm is wanted that
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adjusts the perturbation sales and strutures to realisti error strutures. The growth
rate of SVs and their sales are dependent on the hoie of the norms (Palmer et al.,
1998). At ECMWF the equal initial norm is used for all the perturbations suh that they
are equally likely to our (Leutbeher and Palmer, 2007). The initial SVs are of equal
size. The growth rate has to be determined with respet to the maximization of the initial
time norm. The Eulidean norm whih ontains the identity matrix as weight matrix that
denes the inner produt is
‖x′0‖
2 = x′
T
0 x
′
0 = 〈x
′
0,x
′
0〉 (3.18)
If the norm would be dened with any weight matrix W applied to the perturbation at
initial time x′0 this would look like
‖x′0‖
2 = (Wx′0)
TWx′0 = x
′T
0W
TWx′0 (3.19)
The initial norm is hosen to be representative of the error distribution at initial time. The
nal norm is a onvenient measure of foreast error beause it provides a normalization
so that errors of dierent variables like temperature and wind an be ompared. For a
measure B of the perturbations at the end of the time interval t0, t1, applying Eq. (3.11),
the nal norm would look like
‖x′(t1)‖
2 = (BLx′0)
TBLx′0 = x
′T
0L
TBTBLx′0 (3.20)
At the ECMWF both for the initial and the nal time SVs the total energy norm E is
used where E0 denotes the total energy norm at initial time. Initial total energy SVs
are subylone sale and are loated mainly around the steering level (Palmer et al.,
1998). The steering level for a disturbane is the level in the atmosphere for whih the
veloity of the ow equals the phase veloity of the disturbane. In the atmosphere the
500 hPa is known as the level that steers the low and high pressure systems whih are the
atmospheri normal modes. Beause of their struture total energy initial SVs an grow
strongly (Hartmann et al., 1995) and are appropriate to desribe analysis errors (Palmer
et al., 1998). Dierent norms like enstrophy, streamfuntion and kineti energy have
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been tested as well that were less suitable to desribe the error struture (Palmer et al.,
1998).
The squared total energy norm used at the ECMWF is given by the disretized form
of
1
2
∫ p1
p0
∫
S
(u2 + v2 +
cp
Tr
T 2)dpds+
1
2
RdTrpr
∫
S
(lnpsfc)
2ds (3.21)
where u, v, T and lnpsfc are the perturbations of the zonal and meridional wind om-
ponent, the temperature and the logarithm of the surfae pressure. Rd, cp are the gas
onstant and the spei heat at onstant pressure of dry air, Tr and pr are a referene
temperature and a referene pressure. The volume S denotes the whole model atmosphere
(Leutbeher and Palmer, 2007). In this equation the integral of u2 and v2 is the kineti
energy and the last term under the pressure integral ontaining T 2 together with the
right hand term ontaining the logarithm of the surfae pressure is the available potential
energy (APE). The APE is the dierene between the total potential energy (onsisting
of the internal energy and the gravitational potential energy) of a losed system and the
minimum of the total potential energy that ould result from an adiabati redistribution
of mass (Lorenz, 1955). The APE is equivalent to the maximum kineti energy that an
be realized by an adiabati proess.
The searh for the maximum growth of the norm during the time interval t0, t1, involves
the maximization of the ratio of the nal time norm to the initial time norm
‖x′(t1)‖
2
‖x′0‖2
=
〈Lx′0,ELx
′
0〉
〈x′0,E0x′0〉
=
〈x′0,L
TELx′0〉
〈x′0,E0x′0〉
(3.22)
The positive denite, symmetri operators E0 and E denote the total energy norm at
initial and nal time respetively (Puri et al., 2001). Here the property 〈L∗x,y〉 = 〈x,Ly〉
is used by whih the adjoint L∗ is dened with respet to the Eulidean norm (Eq. 3.18).
In the ase of only real variables the adjoint L∗ is equal to the transpose LT of the linear
operator L. With the aid of the variable transformation
x′ = E
−
1
2
0 x˜
′
(3.23)
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whereas the symmetry of E0 implies that E
−
1
2
T
0 = E
−
1
2
0 , Eq. (3.22) an be rewritten as
‖x′(t1)‖
2
‖x′0‖2
=
〈x˜′0,E
−
1
2
0 L
TELE
−
1
2
0 x˜
′
0〉
〈x˜′0, x˜′0〉
(3.24)
Sine
E
−
1
2
0 L
TELE
−
1
2
0 = (E
1
2LE
−
1
2
0 )
T (E
1
2LE
−
1
2
0 ) (3.25)
the eigenvalue problem
(E
1
2LE
−
1
2
0 )
T (E
1
2LE
−
1
2
0 )V = ΛV (3.26)
has to be solved, whih is analogous to the dimensionless form (Eq. 3.16). Consequently,
the initial SVs of the operator E
1
2LE
−
1
2
0 are the phase spae diretions that maximize the
ratio in (3.24) (Buizza, 2004).
The extratropial perturbations x′ǫ, ǫ = 1...Npf with Npf = 50 in the EPS of the
ECMWF (without onsidering model errors, i. e. without stohasti physis) are on-
struted as follows:
x′ǫ = µini
NSV∑
k=1
αǫkvk + µevo
NSV∑
k=1
βǫkuk (3.27)
where vk and uk are again the leading initial and evolved SVs and αǫk and βǫk are drawn
from a Gaussian distribution with zero mean and unit variane. The purpose of these
oeients is to weight the singular vetors. For details it is referred to Leutbeher and
Paulsen (2004). The oeients µini and µevo determine the overall magnitude of the per-
turbations. They are saled to have an amplitude omparable to analysis-error estimates.
Tropial singular vetors
At ECMWF SV growth is optimized for the extratropial domain, i. e. polewards of 30
◦
,
and for tropial domain separately. For the alulation of the so alled extratropial SVs
the tangent linear model with dry dynamis is used. However, the dry dynamis are not
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useful for the desription of the perturbation growth in the tropis were moist proesses
are important. In January 2002 the additional alulation of the tropial SVs (only initial
SVs) based on a tangent linear model Lm that inludes large-sale ondensation and
deep umulus onvetion has been introdued in the ECMWF model IFS (Integrated
Foreasting System). This new physis pakage for alulating tropial SVs is alled full
physis pakage. The extratropial SVs alulated from the tangent linear model without
these moisture proesses are alled dry SVs and the tropial SVs are alled moist SVs
(Ehrendorfer et al., 1999).
To optimize SV growth in seleted domains, for example in the extratropis, in the
tropis or only around tropial ylones a projetion operator is needed. At ECMWF a
projetion operator P setting a vetor to zero outside a given domain, for example for
tropial SVs outside of 30
◦
S  30
◦
N, in the nal time norm is used (Puri et al., 2001).
Optimizing moist SV growth inluding the projetion operator, Eq. (3.24) obtains the
form
‖x′(t1)‖
2
‖x′0‖2
=
〈x˜′0,E
−
1
2
0 Lm
TPTEPLmE
−
1
2
0 x˜
′
0〉
〈x˜′0, x˜′0〉
(3.28)
where the eigenvalue problem
(E
1
2PLmE
−
1
2
0 )
T (E
1
2PLmE
−
1
2
0 )V = ΛV (3.29)
has to be solved analogous to Eq. (3.26). The optimization of SVs for a seleted domain
is alled targeting of SVs on that domain.
The hoie of the target area has a substantial impat on the SV struture (Barkmeijer
et al., 2001; Puri et al., 2001). Targeting SVs on the whole tropial strip does not guarantee
that the fastest-growing SVs will be in the region of a tropial ylone. However, a tropial
ylone, espeially one that undergoes ET, auses a lot of foreast errors as explained in
setion 2.3. A spread that is insuient to aount for the unertainty assoiated with a
TC would be the onsequene. Therefore, at the ECMWF SVs are alulated targeted on
TCs. This is realized by determining optimization regions in the viinity of the TC suh
that the fastest growing initial SVs will have grown optimally after their optimization
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time in that regions. The optimization region around a TC is determined suh that a
retangular box is plaed around the TC positions foreast for the optimization time by
the latest ensemble run. A minimum extension of this box of 5
◦
in latitudinal and 7
◦
in
longitudinal diretion is imposed (Leutbeher and Paulsen, 2004).
At the top of Fig. 3.3 all optimization regions over the whole globe are shown for 1200
UTC 14 Otober 2004. They are determined for TY Tokage (2004) (red box), TY Nok-
Ten (2004) (green box) and additionally an optimization region is always alulated for
the Caribbean (blue box). The Caribbean region is designed to aount for the impats
that unertainties in that region an have on the foreast for Europe. The optimization
regions for 15, 16, 17 and 18 Otober for Tokage (green) and Nok-Ten (red) are shown
in a smaller area at the bottom of Fig. 3.3.
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Figure 3.3: Optimization regions alulated on 14 September 2004 12 UTC (top) for TY Tokage (red),
Nok-Ten (green) and the Caribean (blue) and on 15, 16, 17 and 18 September 2004 12 UTC (bottom) for
TY Tokage (green) and Nok-Ten (red). Blue dots denote the position of Tokage and Nok-Ten around
analysis time.
Before 2004 targeted perturbations have been alulated in a latitude band of 25
◦
N 
25
◦
S to avoid an overlap with extratropial perturbations. Therefore, when a TC moved
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polewards of this latitude belt, for example in the ase of an ET, the spread beame small
abruptly and the unertainty was underrepresented. In September 2004 a new ongura-
tion was implemented at the ECMWF. An important innovation was the expanding of
the latitude belt for that the optimizations regions where determined to 50
◦
N  50
◦
S.
The targeted SVs are alulated in an orthogonal subspae to the extratropial SVs suh
that an overlap is avoided (Leutbeher and Paulsen, 2004). Other innovations inlude
the inrease of the number of optimization regions and the introdution of a proedure
named Gaussian sampling from that the oeient α and β (Eq. 3.27) are drawn for the
initial perturbations. Furthermore, the targeting is applied also to tropial depressions
(WMO-lass ≥ 1). Previously, targeting was applied only to WMO-lass 2 and higher
lass TCs.
All these innovations in the new onguration led to hanges in the trak spreads
during an ET and to improvements in the strike probability foreasts. Note that the
optimization regions are retangular boxes that enlose the foreast TC positions from
the latest ensemble foreast. Thus, they are not entered on the TCs. In fat, they are
expeted to over the region where the TC position will be after the optimization interval
of the SVs (in ase of the total energy metri: 48h).
3.2.2 Stohasti physis
Until Otober 1998 the EPS of the ECMWF was based on the perfet model assumption,
i. e. that all the unertainties in the foreast are desribed by the initial perturbations and
that during the model run no errors are introdued. However, the unertainties assoiated
with parametrized proesses and their impat on the larger sales annot be negleted for
a longer model integration time. Buizza et al. (1999) stated that the ensemble spread is
too small espeially later in the medium range beyond a foreast time of about 2 days. It is
assumed that there is a signiant soure of random error assoiated with the parametrized
physial proesses. It is not appropriate to enhane the spread by reating larger initial
perturbations beause in this ase the initial spread would be too large. Houtekamer et al.
(1996) were the rst who introdued a proedure whereby eah ensemble member diers
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both in the initial onditions and in the parameters desribing subgrid sale proesses.
At the ECMWF a sheme has been designed that perturbes the parametrized tenden-
ies randomly suh that the stohasti perturbation is based on the total tendeny from
all parametrized proesses. The sheme assumes that larger parametrized tendenies or-
respond to a larger random error omponent (Buizza, 2004). In the ECMWF EPS an
ensemble member eǫ at time t an be seen as
eǫ(t) =
∫ t
t=0
{H(eǫ, t) +Π(eǫ, t)}dt (3.30)
where ǫ = 1, ..., 50 designates the perturbed ensemble members and ǫ = 0 the ontrol
foreast. H identies the resolved and Π the parametrized proesses. The integration
starts from initial onditions
eǫ(t = 0) ≡ e0(t = 0) + δeǫ(t = 0) (3.31)
The initial perturbation δeǫ(t = 0) is generated as desribed by Eq. 3.27.
Inluding a representation of the unertainty due to the parametrized physial proesses
Eq. 3.30 beomes
eǫ(t) =
∫ t
t=0
{H(eǫ, t) +Π
′(eǫ, t)}dt (3.32)
where the perturbed parametrized tendeny is dened as
Π′(eǫ, t) ≡ 〈rǫ(Ψ,Θ, t)〉G,TsΠǫ(eǫ, t) (3.33)
where 〈...〉G,Ts denotes that the same random number rǫ has been used for a grid point
box of G×G degrees and over Ts time steps. Eah grid point is identied by its latitude
Ψ, longitude Θ and vertial hybrid oordinate (Buizza et al., 1999). In other words in
Eq. (3.33) the random numbers re-sale the parametrized tendenies. Random numbers
from three dierent intervals for high- (rǫ ∈ [0, 2]), medium- (rǫ ∈ [0.5, 1.5]) and low-
(rǫ ∈ [0.75, 1.25]) amplitude stohasti foring have been tested. Buizza et al. (1999) found
that results with the most positive impat in representing the spread were alulated with
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the medium amplitude onguration. The values G = 10◦ and Ts = 6 h have been adopted
as the operational sheme. Hene, beause the EPS has a 1
◦
horizontal grid, the same
random number is used for 10 grid points for 6 hours. The stohasti physis with this
onguration was implemented operationally on 21 Otober 1998.
3.3 The ensemble predition system
The rst ensemble foreast with the EPS of the ECMWF was started in Deember 1992
with 33 members. It was based on 33 nonlinear integrations of a model version with
resolution T63L19, i. e. trunation after wave number 63 and 19 level. One of the members,
the ontrol foreast, was alulated taking the 12 GMT analysis as initial onditions, and
32 where alulated from perturbations added to the 12 GMT analysis along the diretions
of maximum growth in phase spae (Buizza et al., 1998; Barkmeijer et al., 1999). The
initial SVs were alulated with T42L19 resolution. Two sets of SVs were omputed with
one set onned to grow polewards of 30
◦
N and the other one polewards of 30
◦
S. This is
referred to as targeting the SVs in the Northern and Southern Hemisphere respetively. As
mentioned in the previous setion only variations in the initial onditions where simulated
(Buizza and Palmer, 1995) in the rst version without taking into aount errors due to
model unertainties.
In 1996 the EPS was upgraded to a 51 member T159L31 onguration as a onsequene
of investigations of Buizza et al. (1998) who found that both inreased ensemble size and
resolution have positive impat on the ensemble skill. From that time on the SVs were
alulated with T42L31 resolution. Buizza et al. (1998) report, however, that the ensem-
ble spread was still underestimated. This may be aused by the neglet of unertainties
assoiated with model error. Furthermore, they reommended the use of evolved SVs al-
ulated from two days previously. These aount for perturbations that have grown during
the data assimilation yle. In Marh 1998 the evolved SVs were inluded in the alula-
tion of initial perturbations. In addition, the stohasti physis sheme, desribed in the
previous setion, was introdued. These innovations led to a range of benets inluding
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a better level of spread and a higher hane for the veriation analysis to be omprised
within the ensemble in the foreast range (Buizza et al., 2001).
The resolution of the ECMWF EPS was inreased further to T255L40 (∼ 80 km grid
point spaing) in November 2000. The SVs were alulated with higher vertial resolution
(T42L40). These innovations improved the estimation of the probability density funtion
of foreast states and a better preditability for longer foreast times was ahieved (Buizza
et al., 2001). In September 2004 Gaussian sampling was introdued for the alulation of
the extratropial SVs making it possible to alulate the 50 initial perturbations with only
a few of the largest SVs. Furthermore, the targeting of perturbations on tropial ylones
was revised. Details were given in setion 3.2.1. This was the onguration that our study
is based on.
In February 2006 the resolution was upgraded to T399L62 with an enhanement of the
vertial resolution for the SVs to T42L62.
The ensemble and deterministi foreasts are initialized twie daily. The ensemble fore-
asts are available on a 1 degree lat./long. grid and the deterministi foreasts and analyses
on a 0.5 degree lat./lon. grid. In the extratropis a simplied and in the tropis a moist
physis sheme is used as explained in setion 3.2.1.
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4 Case studies
An ensemble foreast of a poleward moving TC is often haraterized by a high variabil-
ity among the individual members as result of the diulties in the numerial foreast
explained in setion 2.3, indiating low preditability (Harr et al., 2007). Through inves-
tigation of the representation of ET events in an ensemble predition system insight an
be gained into both the preditability assoiated with an ET event and the dominant
dynamial mehanisms for ET.
Harr et al. (2007) presented a statistial methodology to examine the behavior of the
individual ensemble members in the regions of high variability assoiated with ET. The
analysis method onsists of a ombination of empirial orthogonal funtion (EOF) analysis
and lustering of the rst two prinipal omponents. Thereby ensemble members an be
grouped together that ontribute in a similar way to the main variability. In Harr et al.
(2007) for the ase of Nabi (2005) an EOF pattern assoiated with the east-west loation
and the amplitude of a so alled trough-ridge-trough pattern was found.
In this investigation the analysis is expanded to examine ve TCs that underwent ET.
They were hosen suh that they enompass a wide range of TC intensity on the Sar-
Simpson-Sale and also our over both the North Atlanti and the western North Pai
oean basins.
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4.1 Overview of ases
The representation in the EPS of the North Atlanti hurrianes Fabian (2003) and Philippe
(2005) and the western North Pai typhoons (TYs) Maemi (2003), Tokage (2004) and
Saola (2005) has been investigated. The ases are divided into strong events and weak
events. Fabian (ategory 4, NHC 2006), Maemi (ategory 5, JMA 2006) and Tokage
(ategory 4, JMA 2006) belong to the strong and Saola (ategory 2, JMA 2006) and
Philippe (ategory 1, NHC 2006) to the weak events. An overview of the ases with their
time of reurvature and of ET an be found in Table 4.1. The terms investigation time,
FCST1 and FCST2 will be explained later.
The strong events are haraterized by a re-intensiation after ET and a marked
inuene on the midlatitude ow. The weak events do not re-intensify after or deay
before ET and do not appear to inuene the midlatitude ow. The weak events are
hosen beause of large foreast errors assoiated with their representation of ET.
The key variable for our investigation is the potential temperature on the dynami
tropopause. The potential vortiity (PV) is onserved in adiabati, fritionless onditions
(Hoskins et al., 1985) and therefore the hoie of this variable has the advantage that the
dynamis of one onserved variable, the potential temperature, an be viewed along the
surfae of another onserved variable, the potential vortiity. In isentropi oordinate
version of the equation for the PV is
PV = −g(f + k · ∇θ × vh)/
∂p
∂θ
(4.1)
where f is the Coriolis parameter, g the aeleration due to gravity, k the unit verti-
al vetor, ∇θ a three dimensional gradient operator, vh the horizontal wind veloity,
p the pressure and θ the potential temperature. From equation (4.1) it follows that for
a standard atmosphere at rest the PV inreases with inreasing stability and with in-
reasing Coriolis parameter. In general, the PV inreases with inreasing total vortiity
f + k · ∇θ × vh. Consequently, at the tropopause, where the stability inreases abruptly,
there is a marked inrease in potential vortiity.
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The tropopause an be dened by PV values between 1.5 - 3 PVU, where 1 PVU =
10−6Km2kg−1s−1. The potential temperature an be investigated on a onstant plane of
the PV and vie versa. For this investigation a value of 2 PVU as denition of the so-alled
dynami tropopause (Morgan and Nielsen-Gammon, 1998) is used. A PVU = 2 surfae
an be seen as the shape of the tropopause. If the potential temperature on this dynami
tropopause is investigated the shape of troughs and ridges an be identied learly. This is
beause the opposing slopes of PV and potential temperature surfaes result in potential
temperature gradients along the 2 PVU surfae being muh sharper than, for example,
gradients along isentropi surfaes (Morgan and Nielsen-Gammon, 1998). In troughs the
tropopause is lower and the low potential temperatures bow up to higher levels. In ridges
the high potential temperatures reah further down and the tropopause is loated higher
up. This is illustrated in Fig. 4.1 in that the Ielandi low an be seen as a positive PV
anomaly with values of PVU = 2 dipping down to about 500 hPa whereas the potential
temperature bows up in the troposphere and down in the stratosphere. In ase of a negative
PV anomaly the behavior would be opposed.
Figure 4.1: Vertial ross-setion along a SW-NE line through the Ielandi low on 12 April 1983.
The thin lines indiate isentropes at 10 K intervals and the thik lines PV at 1 unit intervals. The 0.75
PV unit is shown by a heavy dashed line (Hoskins et al., 1985).
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Table 4.1: Key data of the investigation times of the three typhoons (JMA, 2006) and two
hurrianes (NHC, 2006).
Fabian Maemi Tokage Saola Philippe
time of 06 Sept. 2003 11 Sept. 2003 18 Ot. 2004 24 Ot. 2005
reurvature 00 UTC 12 UTC 18 UTC 03 UTC
/
08 Sept. 2003 13 Sept. 2003 21 Ot. 2004 25 Sept. 2005 23 Sept. 2005
ET time
18 UTC 06 UTC 00 UTC 12 UTC 12 UTC (deay)
investigation 10 Sept. 2003 14 Sept. 2003 21 Ot. 2004 26 Sept. 2005 23 Sept. 2005
time 00 UTC 00 UTC 00 UTC 12 UTC 12 UTC
04 Sept. 2003 10 Sept. 2003 16 Ot. 2004 21 Sept. 2005 18 Sept. 2005
FCST1
12 UTC 12 UTC 12 UTC 12 UTC 12 UTC
05 Sept. 2003 11 Sept. 2003 18 Ot. 2004 24 Sept. 2005 19 Sept. 2005
FCST2
12 UTC 12 UTC 12 UTC 12 UTC 1200 UTC
4.1.1 Strong events
Eah of the TCs Fabian (2003), Maemi (2003) and Tokage (2004) interated with a mid-
latitude trough. In the ase of Fabian the trough was already deep before the interation
and approahed from upstream as the deaying TC moved towards the midlatitudes. The
deaying Fabian merged with the midlatitude deep pressure system assoiated with the
trough but ex-Fabian was learly the dominant system. A trough ould be seen upstream
of Maemi, also. However, the trough was weaker than in the ase of Fabian and appeared
to intensify as the outow from Maemi impinged on the midlatitude jet. It is diult to
identify an upstream trough as Tokage approahed the midlatitude jet. In this ase the
ridge downstream of TY Tokage amplied dramatially as the outow of Tokage inter-
ated with the midlatitude jet. This ampliation lead to the formation of an upstream
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trough as desribed by Bosart and Lakmann (1995) for Hurriane David (1979). In all
three ases a distint pattern formed that onsisted of the trough that interated with the
TC, a ridge diretly downstream and a seond trough downstream of the ridge. Reent
studies of ET suggest that the TC outow an ontribute to the ridge building (Hender-
son et al., 1999) and to the subsequent ampliation of the downstream trough (Riemer
et al., 2007).
The synopti development after the ET is quite dierent in eah of the ases. Fabian
interated with the upstream trough that rolled up ylonially during ET. A strong
bloking ridge assoiated with weak zonal ow emerged downstream of the ET system
and inhibited the system from moving eastward. The ex-TC turned bak to the northwest
and the whole system re-intensied strongly (Fig. 4.2 a).
In the ase of Maemi, the extratropial ylone that resulted from the ET and a low
pressure enter assoiated with the downstream trough of the trough-ridge-trough pattern
developed equally strongly. As in the ase of Fabian, Maemi was prevented from traveling
eastwards diretly after its ET by a strong bloking ridge. The trough assoiated with
the ET rolled up ylonially and both ex-Maemi and the downstream low intensied
moderately (Fig. 4.2 b). The ridge did not weaken until 60 h after ET so that ex-Maemi
ould then travel eastwards (not shown). The downstream low then intensied to a strong
low pressure system over the west oast of Ameria.
The ridge that developed as Tokage's outow interated with the midlatitude jet, had
a northeast-southwest orientation with quite strong southwesterly ow. Therefore, in on-
trast to the ases of Fabian and Maemi, it moved to the east quite quikly. A strong
potential temperature gradient an be seen diretly to the northwest of Tokage near to
the rest of the ridge (Fig. 4.2 ) 12 h after the TC had interated with the midlatitudes.
The assoiated high vertial wind shear and the positive strething deformation ated to
atten the ridge and to redue the perturbation kineti energy at upper levels (Webster
and Chang, 1997). After the signiant weakening of Tokage due to its landfall in Japan,
the ET system re-intensied moderately as the western part of the ridge rolled up yloni-
ally. Through its ontinuing tilt to the northeast the ridge ats to thin the downstream
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trough that onsequently formed a ut o low at about 175
◦
E (Fig. 4.2 ) .
a) Fabian: 00 UTC 07 Sept. 2003 b) Fabian: 00 UTC 10 Sept. 2003
) Maemi: 00 UTC 12 Sept. 2003 d) Maemi: 00 UTC 15 Sept. 2003
e) Tokage: 12 UTC 19 Ot. 2004 f) Tokage: 12 UTC 21 Ot. 2004
Figure 4.2: Analyses of Fabian on a) 0000 UTC 07 and b) 0000 UTC 10 September 2003, Maemi on
) 0000 UTC 12 and d) 0000 UTC 15 September 2003, Tokage on e) 1200 UTC 19 and f) 1200 UTC
21 Otober 2004. Fabian, Maemi and Tokage are marked by a gray TC symbol before and by a white
TC symbol after ET. Potential temperature on the dynami tropopause (shaded, K), surfae pressure
(ontours, hPa).
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4.1.2 Weak events
The weak events Philippe and Saola were hosen for this investigation beause their de-
terministi foreasts were highly inaurate. Saola underwent ET and its remnants were
absorbed by a large-sale midlatitude low pressure system that subsequently intensied.
However, the deterministi foreast failed to predit the ET. Philippe deayed to a rem-
nant low on 1800 UTC 23 September but a strong ET was predited inorretly by the
deterministi foreasts initialized up to 4 days before its deay.
Saola reurved ahead of a very weak midlatitude trough. A seond upstream trough
steered the ex-TC eastwards (Fig. 4.3 a). At that time a large-sale quasi-stationary
extratropial low pressure system was situated northeast of ex-Saola and aeted the
trak of the TC. The pattern has a strong resemblane to the northeast pattern desribed
in Harr and Elsberry (2000). The inuene of the upstream trough dereased and 48 h
later Saola's remnants were absorbed by the downstream low.
The position of Saola in the 84 h deterministi foreast that veries on 0000 UTC
27 September 2005 (Fig. 4.3 b) indiates that Saola did not reurve, even though the
initialization time of this foreast (Fig. 4.3 b) was only 24 h before the reurvature time.
In the deterministi foreast Saola deayed south of Japan. The reurvature appeared to
be sensitive to very small dierenes in the potential temperature gradient ahead of the
midlatitude trough that steers the TC north-eastwards in the analysis (not shown). Only
the foreast from 24 September 00 UTC, whih was initialized following the turn of Saola
towards the northwest, predited the reurvature.
Philippe was a very small-sale system that ould not be resolved in the ECMWF
analysis after 21 September 12 UTC. However, the surfae reetion of an upper level old
low ould be seen at about 65
◦
W and 30
◦
N (Fig. 4.4 a), as desribed in Franklin (2006).
When Philippe was reported as deayed on 1800 UTC 23 September its remnant vortiity
enter ould still be seen (Franklin, 2006). Thus, it is suggested that the remnants of
Philippe reinfored the old low. On 26 September (not shown) a strong ridge upstream
of Philippe that seemed to be sustained by the outow of Hurriane Rita (2005) had
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a) Saola: 00 UTC 24 Sept. 2005 b) Saola: 00 UTC 27 Sept. 2005
) 12 h fst valid on 24 Sept. 00 UTC d) 84 h fst valid on 27 Sept. 00 UTC
Figure 4.3: Analysis on a) 24 September 00 UTC and b) 27 September 00 UTC. ) 12 h and d) 84 h
deterministi foreast from 1200 UTC 23 September. Saola's remnants are marked by a gray TC symbol.
Potential temperature on the dynami tropopause (shaded, K), surfae pressure (ontours, hPa).
developed north of the remnants of Philippe. The ridge inhibited an upstream midlatitude
trough from approahing and interating with the old low at this time. The surfae low
pressure system ahead of that upstream trough, situated at about 60
◦
W and 45
◦
N (Fig.
4.4 b), had already absorbed the remnant low of ex-TC Rita (Knabb et al., 2006) and
subsequently absorbed the old low ontaining the remnants of Philippe. The resulting
system intensied strongly ahead of a strong upper level potential temperature gradient
on 0000 UTC 29 September (not shown). Thus Philippe ontributed indiretly to the
re-intensiation of the midlatitude system.
The deterministi foreast for 1200 UTC 23 September initialized on 1200 UTC 19
September (i. e. 4-day foreast) (Fig. 4.4 ) predited a larger-sale TC Philippe than was
observed. Philippe's position and the upper-level development were foreast quite well for
that time. However, 12 h later in the same foreast (not shown) Philippe interated with
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an upstream trough that extended far south and the ex-TC re-intensied strongly. On
1200 UTC 27 September (i. e. 8-day foreast) (Fig. 4.4 d) the strong ET system merged
with a midlatitude low that was onneted to a seond upstream trough.
a) Philippe: 12 UTC 23 Sept. 2005 b) Philippe: 12 UTC 27 Sept. 2005
) 4-day fst valid on
12 UTC 23 Sept. 2005
d) 8-day fst valid on
12 UTC 27 Sept. 2005
Figure 4.4: Analyses a) 6 h prior to and b) 96 h after Philippe's deay. ) 4-day and d) 8-day
deterministi foreasts from 1200 UTC 19 September. Philippe or the position of its remnants respetively
are marked by a gray TC symbol. Potential temperature on the dynami tropopause (shaded, K), surfae
pressure (ontours, hPa).
The midlatitude ow patterns during the existene of Saola and Philippe were quite
dierent. The ow over the western North Pai was zonal with only weak small-sale
troughs during Saola's lifeyle whereas the ow over the North Atlanti was more wavy
in the presene of Philippe. Nevertheless, the interation of the TCs with the midlatitude
ow was quite similar in both ases.
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4.2 Representation of unertainties
In this setion the variability in the EPS assoiated with the ET events is desribed using
the TC traks from the analysis, the deterministi foreast and the ensemble foreasts for
eah ase. The traks are alulated by loating the minimum mean sea level pressure in
a region dened by two boxes. One of them extends 3
◦
S, 7
◦
N, 5
◦
E and 5
◦
W from the
previous TC position. The other extends 5
◦
in east-west and 7
◦
in north-south diretion
with its southwest orner 5
◦
E of the TC position. This aounts for the high translation
speed of the system after ET. A maximum pressure hange of 30 hPa in 12 hours is
allowed to exlude the detetion of other TCs lose by. In addition, Hovmoeller plots
(Hovmöller, 1949) of the standard deviation of the 500 hPa geopotential from the 51
ensemble members are averaged over the latitude band of 40
◦
- 50
◦
N. These plots show
a development with longitude and time of a variable averaged over a latitude band. The
diagram is useful for investigating the propagation of waves. A downstream propagating
wave an be visualized for example by positive and negative values of the meridional
wind speed. Alternatively, the propagation of wave pakets, i. e. spatially limited wave
disturbanes (Pedlosky, 1987), an be observed. Rossby wave pakets usually run from
the top left to the bottom right orner of this diagram. Stationary waves would appear
as perpendiular oriented maxima and minima of for example meridional wind veloity
in the plot.
The standard deviation is one partiular measure of the ensemble spread. In this latitude
band it illustrates both the variability in the midlatitude pattern of troughs and ridges,
and the variability in the representation of the tropial ylone in question as it moves
into the midlatitudes.
For all of the ases two foreast times were hosen, one well before the reurvature
started, referred to as FCST1, and the seond lose to or at the time of reurvature,
referred to as FCST2. Through this hoie the derease in the unertainty assoiated
with the reurvature from the rst to the seond foreast time an be observed and the
unertainty assoiated with the ET itself an be isolated from that assoiated with the
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reurvature. Denitions of FCST1 and FCST2 an be found in Table 4.1 for eah ase.
4.2.1 Strong events
A omparison of the enhaned variability in the viinity of the ET events shows ertain
similarities between the three major TC ases. Loal maxima in standard deviation an
be seen upstream, around or downstream of the ET event.
Fabian
The trak of Fabian in the deterministi foreast for FCST1 was quite similar to its
analysis up to reurvature but the deterministi foreast did not apture the aeleration
afterwards. Six hours after ET time there is a dierene of almost 1000 km (Fig. 4.5 a)
between the TC position in the analysis and the deterministi foreast. Both analysis
and deterministi foreast are situated within the traks of the ensemble members. The
ensemble traks indiate unertainty in the foreast of the reurvature, i. e. after 48 to
60 h. In some ensemble members the TC aelerates after reurvature whereas in others,
espeially those situated at the eastern edge of the plume (at about 35
◦
N and 60
◦
W),
it remains slow moving or even deays. Thus, a separation of over 1000 km between
the individual positions is seen after 72 h. The ensemble members for the foreast from
FCST2 (Fig. 4.5 b), when the TC motion had already hanged from northwestwards to
northwards, do not show the substantial inrease in spread after the reurvature anymore.
However, lose to the ET time (after about 60 h in Fig. 4.5 b) the TC positions in
the members vary notieably, indiating unertainty in the ET event. The trak in the
deterministi foreast lies in the middle of the ensemble traks while the analysis trak
diers markedly from the deterministi foreast and lies on the ank and sometimes even
outside of the ensemble traks.
The unertainty in the reurvature for FCST1 an be seen as inreased standard de-
viation from 0000 UTC 7 September (60 h foreast) at about 50
◦
W (Fig. 4.5 ). High
56 4.2. Representation of unertainties
values extend from the ET time and position (blak dot) and even higher values an
be found upstream at about 60
◦
W from 12 h after the ET in Fig. 4.5 . This an be
explained through high variability in the ensemble assoiated with the mature midlati-
tude system that had developed from the ET of Fabian. The system annot move to the
east beause of the bloking ridge mentioned in setion 4.1.1. Thus it loops bakward
to interat with another upstream trough. This seond interation an be seen in Fig.
4.5 , as the loal maxima assoiated with the ET event and that assoiated with the
upstream trough in the mature midlatitude system merge on 0000 UTC 12 September.
Another plume of high values an be found well downstream of the ET event. Those are
linked to a downstream trough that deepened in assoiation with the steepening of the
bloking ridge diretly downstream of the ET of Fabian. In the ensemble foreast from
FCST2 the plumes of high standard deviation assoiated with the ET of Fabian and with
the downstream trough have dereased strongly in amplitude. However, they an still be
distinguished learly from 30 h after the ET (Fig. 4.5 d). The highest variability in the
foreast from 5 September is onneted to the interation of the ET system with the
seond trough mentioned above that approahed from upstream of the ET event in the
major midlatitude system.
Maemi
In the ase of Maemi, there is again signiant variability assoiated with the reurvature
after about 48 h in the traks for FCST1 (Fig. 4.6 a). The trak spread inreases during
ET, so that the loations of the TC in the ensemble members dier by over 2000 km after
4 days. During reurvature, the analysis and deterministi foreast are on the eastern edge
of the set of ensemble traks. The spread in the ensemble members for FCST2 (Fig. 4.6
b), initialized when the motion of Maemi had an eastward omponent in the analysis, is
muh smaller and inreases more slowly then for the earlier foreast time. Nevertheless,
shortly after ET (from 48 h) the spread inreases. The analysis and deterministi foreast
traks are lose together until ET time for both FCST1 and FCST2 but dier by over 700
km from 18 hours after ET.
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a) Fabian: trak fst from FCST1 b) Fabian: trak fst from FCST2
) Fabian: 10 day fst from FCST1 d) Fabian: 10 day fst from FCST2
Figure 4.5: Traks for Fabian based on loation of minimum sea level pressure. ECMWF analysis
(blak line with irles), deterministi foreast (blak line with triangles) and ensemble foreast (olors)
a) from FCST1 and b) from FCST2 for 7 days. Analysis dashed after ET. Hovmoeller plot of standard
deviation of 500 hPa height (m) in the ensemble for Fabian averaged between 40
◦
- 50
◦
N. 10-day foreast
from ) FCST1 and d) FCST2. ET position is marked by a blak dot.
The Hovmoeller plots from FCST1 and FCST2 (Figs. 4.6 , d) show enhaned values of
standard deviation in the viinity of the ET but muh higher values existed downstream
of the ET event. This illustrates that the variability in the downstream trough (Set.
4.1.1) is higher than that of the ET itself. The standard deviation is largest from 14 to 17
September at about 180
◦
. The region of higher values from 1200 UTC 17 September at
about 135
◦
W is still onneted to the variability in the downstream trough but the wave
has attened at that time and the preditability has inreased. In FCST2 the enhaned
values at about 180
◦
from 14 to 16 September (Fig. 4.6 d) have dereased strongly, as in the
ase of Fabian for the later foreast time. Nevertheless, the variability in the downstream
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trough is still signiant, as there are no other regions with equally high values of standard
deviation at this time.
a) Maemi: trak fst from FCST1 b) Maemi: trak fst from FCST2
) Maemi: 10 day fst from FCST1 d) Maemi: 10 day fst from FCST2
Figure 4.6: As Fig. 4.5 for Maemi.
Tokage
Before ET time the deterministi trak foreasts for FCST1 and FCST2 of Tokage are
quite lose to the analyzed trak (Figs. 4.7 a and b) and both fall within the ensemble
trak foreasts. There is unertainty assoiated with the time of reurvature for FCST1
(Fig. 4.7 a). Furthermore, a notieable inrease in spread an be seen at the time of ET
and here the analysis trak lies at the edge of the ensemble traks while the deterministi
foreast is situated in the enter. All but two ensemble members show the traks to be
farther north than in the analysis. In Fig. 4.7 b it an be seen that there are several traks
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south of the analysis and around it in the ensemble members from FCST2. Tokage an no
longer be identied in the group of southern foreasts after a foreast time of 84 h. The
northern group of ensemble members ontinue to trak Tokage.
The weakening of Tokage during ET assoiated with its landfall in Japan is not aptured
in the ensemble and deterministi foreasts for the mean sea level pressure from FCST1
and FCST2 (Figs. 4.7  and d). In FCST1 (Fig. 4.7 ), at 108 hours the entral mean sea
level pressure varies between 945 and 985 hPa in the ensemble foreasts ompared with the
analyzed value of 993 hPa. Only 3 members show a weakening of the entral mean sea level
pressure to the same value as the analysis, and this only after 132 hours. In FCST2 (Fig.
4.7 d) a subset of ensemble members shows no or only a weak reintensiation after ET
and similar entral pressure values to the analysis after 72 hours. Some members do not
trak the ex-TC after 84 h foreast time. The remaining members and the deterministi
foreast weaken during the transformation stage, but re-intensify after ET.
The plume of high standard deviation originating at ET time in the FCST1 Hovmoeller
plot (Fig. 4.7 e) is learly assoiated with the ET system itself. Compared to the other two
ases of major hurrianes the high values derease quite quikly. However, a large maxi-
mum downstream at about 150
◦
W on 23 Otober indiates a downstream propagation of
the unertainty assoiated with the ET. A similar downstream propagation an be seen
in the Hovmoeller plot for FCST2 (Fig. 4.7 f). One day after ET there are two loalized
maxima that derease in amplitude quite quikly. One is diretly assoiated with the ET
of Tokage and one with the ridge downstream of the ET at about 180
◦
. Two days after
ET the unertainty is assoiated with the downstream trough at about 135
◦
W.
The three major TC ases illustrate niely that the variability assoiated with an ET
event an be found either upstream, around the ET system, or in the downstream devel-
opment. It has been shown that the reurvature and the ET event are the main soures
of unertainty. In general, the loser the foreast time is to the ET the more preditable
the ow.
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a) Tokage: trak fst from FCST1 b) Tokage: trak fst from FCST2
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) Tokage: mslp fst from FCST1 d) Tokage: mslp fst from FCST2
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e) Tokage: 10 day fst from FCST1 f) Tokage: 10 day fst from FCST2
Figure 4.7: Top: as Fig. 4.5 a, b for Tokage. Middle: analysis (blak line with irles), deterministi
foreast (blak line with triangles) and ensemble foreast (olors) of the entral surfae pressure of Tokage
from ) FCST1 and d) FCST2 for 5 days. Bottom: as Fig. 4.5 , d for Tokage.
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4.2.2 Weak events
The variability within ensemble foreasts for TCs Saola and Philippe exhibit similar be-
havior as for the major TCs in that there are plumes of high unertainty assoiated with
the ET events and downstream of them. In the minor TC ases the main soure of vari-
ability is the interation of the ex-TC with a large-sale midlatitude low pressure system.
Dierent realizations of this interation ould be haraterized by either the ex-TC or
the midlatitude low intensifying after merger, or two systems of similar strength merging.
Furthermore, a distint amount of ensemble members foreast a deay of the TC and a
reintensiation of the midlatitude low without an interation between the two.
Saola
In the ensemble trak foreast of Saola from FCST1 (Fig. 4.8 a) only a few ensemble
members reurve and only six of them interat with the midlatitude ow. The determin-
isti foreast agrees with the majority of the ensemble members and does not predit
the reurvature while the six members that ontain the reurvature are grouped around
the analysis. Thus, a low probability is assigned to the reurvature by the ensemble. In
FCST2, however, there is better agreement among the ensemble members, with all having
about the same diretion of motion. Nevertheless, a loser inspetion shows that Saola
annot be identied after 36 to 48 h in many members that lie on the southern edge of
the plume of traks. In the deterministi foreast Saola moves in the same diretion as in
the analysis, but whereas the nal analyzed position of Saola is 140
◦
E and 40
◦
N on 0000
UTC 27 September, Saola reahes that position 24 h later in the deterministi foreast.
The Hovmoeller plot from FCST1 for Saola (Fig. 4.8 ) shows a distint maximum
in values of standard deviation downstream of the ET event around 48 h after ET at
about 160
◦
W. This maximum is aused by unertainty in the ensemble assoiated with
the predition of a midlatitude trough with whih Saola will interat (blak triangle). In
the ensemble foreast, however, the unertainty at 160
◦
W annot be attributed to Saola
beause the TC enters the latitude band between 40
◦
N and 50
◦
N in only six of the 51
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ensemble members. Thus, the Hovmoeller plot does not show muh unertainty assoiated
with the ET of Saola itself (blak dot). In FCST2 (Fig. 4.8 d), however, a weak plume
of higher standard deviation an be seen on 1200 UTC 26 September at about 175
◦
W
emanating from the ET of Saola. The highest variability develops following the interation
of Ex-Saola (blak triangle) with the midlatitude trough.
a) Saola: trak fst from FCST1 b) Saola: trak fst from FCST2
) Saola: 10 day fst from FCST1 d) Saola: 10 day fst from FCST2
Figure 4.8: As Fig. 4.5 for Saola. ET-position is marked by a blak dot, analyzed position of absorption
of remnants of Saola is marked by a blak triangle.
Philippe
A large spread an be seen in the ensemble trak foreasts for Philippe (Fig. 4.9 a, b).
In FCST1 (Fig. 4.9 a) Philippe deays south of 30
◦
N without reurving in the western
ensemble members, but reurves north of 30
◦
N in the eastern ones. The deterministi
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foreast trak lies on the eastern edge of the ensemble traks and shows a reurvature.
Only one ensemble member lies to the east of the deterministi foreast from 0000 UTC 23
September. Two of the reurving ensemble members follow the deterministi foreast quite
well. In the analyzed trak Philippe is loated at the edge of the ensemble envelope but
lose to the deterministi foreast. However, Philippe deays on 1200 UTC 23 September,
whereas it an be identied for an additional two days in the deterministi foreast. In
FCST2 (Fig. 4.9 b) more members reurve and do so farther south. A lot of the members
deay after 144 h foreast time. One member is very similar to the deterministi foreast
that shows Philippe far to the east after 168 h. For both of these foreast times Philippe
an be identied in the deterministi foreast for a muh longer time than in the analysis.
The variability in the environment of Philippe at the time of its deay annot be shown
in the Hovmoeller plots (Fig. 4.9  and d) beause the TC is situated south of the latitude
band of 40
◦
- 50
◦
N. A white irle denotes Philippe's longitudinal loation on 1200 UTC
23 September. The plume of higher standard deviation that an be seen for FCST1 (Fig.
4.9 ) from 22 September at about 65
◦
W and for FCST2 (Fig. 4.9 d) from 23 September at
about 55
◦
W is due to variability assoiated with a midlatitude trough. This midlatitude
trough formed a weak ut-o low (at about 70
◦
W and 30
◦
N in Fig. 4.4 a) that steered
the remnants of Philippe to the north. On 1200 UTC 27 September, (i. e. the time when
the old low that had been reinfored by Philippe merged with the large-sale midlatitude
low pressure system), a prominent maximum of standard deviation an be seen in both
Hovmoeller plots. Thus, large unertainty in the ensemble is assoiated with the dierent
realizations of the merger and the development thereafter. The values in the maximum
for FCST2 are lower than in FCST1 and the area of highest variability is narrower.
In general, an operational foreaster might give more weight to the high resolution
deterministi foreast beause it is more likely to apture small sale systems like TCs
that undergo ET. For example, in the ase of Philippe a foreaster might suggest that
the ensemble annot resolve Philippe. These two minor TC ases suggest that ensemble
foreasts both assign probabilities to the deterministi foreast and indiate atmospheri
developments that are possible even if they are not very probable. This study shows
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a) Philippe: trak fst from FCST1 b) Philippe: trak fst from FCST2
) Philippe: 10 day fst from FCST1 d) Philippe: 10 day fst from FCST2
Figure 4.9: As Fig. 4.5 for Philippe. Position of deay of Philippe is marked by a white irle, position
of absorption of remnants is marked by a blak triangle.
that for the ase of Philippe the foreaster should regard the deterministi foreast with
aution. In Saola's ase the reurvature was already indiated in the ensemble foreast
3 days prior to its ourrene while the deterministi foreast did not predit it until its
onset.
4.3 The analysis method
In setion 4.2 an inrease of standard deviation among the ensemble members (i. e. a
derease in preditability) assoiated with the 5 investigated ET events was found. The
ensemble foreast beomes less unertain when the foreast time is lose to or at the
time of reurvature. To gain insight into the soure of these unertainties the regions of
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high standard deviation are examined with regard to reurring patterns. For this purpose
ensemble members that show similar developments and intensities of ET and of the up-
and downstream ow should be ombined to groups within an ensemble. A large number
of groups denes a variety of dierent atmospheri ow patterns. It is hypothesized that
the number of groups dereases as the preditability inreases.
4.3.1 Patterns of variability
Several authors have used tehniques to quantify the probability distribution of the state
of the atmosphere in multidimensional phase spae. The aim of these methods is to nd
patterns where the variability in a partiular variable over spae is highest, also alled the
enters of ation (Björnsson and Venegas, 1997), and the ontribution of the individual
atmospheri ow patterns to these patterns of high variability. In the urrent work the
method of empirial orthogonal funtion (EOF) analysis (Lorenz, 1956) also alled prin-
ipal omponent analysis (PCA) is used to nd the enters of variability. The prinipal
omponents (PCs) are often used to investigate the time variation of the EOFs. In our
ase, however, the variation from ensemble foreast to ensemble foreast of a seleted vari-
able is of more interest. Therefore, the PCs are onsidered as hange of the EOFs with the
ensemble members. To alulate the EOFs the potential temperature on the dynamial
tropopause as mentioned in setion 4.1 was used.
The rst step in alulating the EOFs for one ensemble foreast of a variable x in a
partiular area around an ET event and the oean basin downstream of it is to alulate
anomalies from the ensemble mean of this variable. The matrix is arranged suh that one
row onsists of the anomalies in one ensemble member at all the 1, . . . , G grid points and
one olumn onsists of the anomalies at one spei grid point in all the 1, . . . , ǫ ensemble
66 4.3. The analysis method
members.
X′ =
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
The individual rows an be regarded as maps shown by the individual ensemble members
(Björnsson and Venegas, 1997). The anomalies x′ij from the ensemble mean of the model
variable x at eah grid point are
X′ = X−
1
ǫ
[1]X (4.2)
X is the matrix of values at eah grid point for eah ensemble member, [1] is a dened
ǫ× ǫ matrix with all elements equal to 1.
The next step is to nd the spatial ovarianes of the anomalies of the entire ensemble.
Therefore, the variane-ovariane matrix Φ is alulated by transposing X′
Φ =
1
ǫ− 1
X′
T
X′ (4.3)
The variane-ovariane matrix is also alled the dispersion matrix beause it desribes
how the anomalies are dispersed around the ensemble mean (Wilks, 1995). To get the
regions of the maximum ovariane or dispersion of the anomalies an eigenvalue analysis
has to be performed on Φ.
ΦC = ΛC (4.4)
where the ci olumn vetors of C are the eigenvetors of Φ orresponding to the eigen-
values λi whih are the trae of Λ. The eigenvalue λi determines the fator by whih the
eigenvetor ci is strethed. Both Λ and C are G×G matries. These eigenvetors are the
EOFs. The EOFs are unorrelated in spae, i. e. they are orthogonal CTC = 1 = CCT.
They are arranged aording to the perentage of the total variability they express so
that the rst one points in the diretion of the highest perentage of total variability, the
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seond one in the diretion of the seond highest and so on. The eigenvetors an be seen
as a new oordinate system with its axes along the joint variability of the data.
The prinipal omponents, whih yield the quantitative amount of the total variability,
are obtained through the projetion of the anomalies x′ onto the EOFs ci
νm = c
T
mx
′ =
G∑
i=1
cimx
′
i m = 1, ..., Z (4.5)
νm is the mth prinipal omponent. Z is the number of prinipal omponents needed
to desribe the total variability. The prinipal omponents aount suessively for the
maximum amount of the joint variability. In general, the total variability is explained
by muh fewer PCs than there are dimensions in the original oordinate system, i. e.
Z << G. Thus, the alulation of the PCs of a system with many dimensions redue it to
a system of muh fewer dimensions ontaining, nevertheless, all the physial information
of the original system. Relating this to the variability in the ensemble, it an be said
that the spatial patterns of variability, i. e. the regions in the investigated domain, in
that the main variability an be found, are determined by the EOFs. The veriation of
these patterns shown by the individual ensemble members are given by the PCs, i. e. the
ontribution of eah ensemble member to the EOFs is given through the PCs.
4.3.2 Fuzzy lustering
It is straightforward to assume that individual ensemble members that have PCs, i. e.
ontributions to the patterns of main variability, with the same sign and about the same
strength have similar synopti developments. Therefore, grouping members with similar
PCs together should give information about the possible evolutions in the atmospheri
ow and assign probabilities to them aording to the number of ensemble members
ontributing to them.
A variety of methods to perform this grouping is proposed by several authors. Cheng
and Wallae (1991) used a hierarhial lustering on the two leading EOFs to nd spatial
patterns in 500 hPa height elds. Hierarhial lustering is a method that starts with as
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many lusters as members exist and groups iteratively two lusters together that subse-
quently form a new luster (Fig. 4.10). This is ontinued until all members are grouped
into one luster. A measure has to be determined after whih to stop the merging. This
ould be for example a distint inrease of distane between the point of merger of one
luster with another ompared with its previous point of merger as in Fig. 4.10. In other
words the lustering is stopped if the remaining lusters exhibit too muh dierenes from
eah other.
Figure 4.10: Hierarhial lustering of n points (Wilks, 1995). G1 - G6 denote the resulting lusters.
The distane between the lusters before they are merged is indiated by the distane of the points of
merger from the previous point of merger or the initial n lusters. +, x, and ◦ may be dierent stations
(northern, southern, western) in ase of a lustering of maximum temperature.
Mo and Ghil (1988) performed a non-hierarhial lustering in a seven dimensional
phase spae dened by the prinipal omponents of the leading EOFs of a temporal or-
relation matrix on planetary 500 hPa height elds. The method used in this study falls
among the non-hierarhial lustering. To start the iterative luster proedure a pre-
dened number of luster enters alled entroids are set arbitrarily in a phase spae
diagram (Fig. 4.11). In this study the lustering is performed on the rst two PCs of the
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leading two EOFs of eah ensemble member to arrange the ensemble members in groups.
These groups exhibit similar strutures of the potential temperature on the dynamial
tropopause at a spei time. Hene, eah of the 51 ECMWF ensemble members orre-
sponds to one point in the phase spae desribed by its values of the rst two PCs. In
other words, eah ensemble member is represented by the pair of PC values. The members
are assigned to their losest entroid with regard to a ertain measure of the distane.
(b)
6
-
Figure 4.11: Non-hierarhial lustering (Wilks, 1995). Satterplot of n points. The number of lusters
G1 - G6 has been predened. As in Fig. 4.10 +, x, and ◦ may be dierent stations (northern, southern,
western) in ase of a lustering of maximum temperature.
In ontrast to a hard lustering, in whih every member is assigned to one luster, the
method used here is a fuzzy lustering method. In fuzzy lustering some members that
annot be assigned learly to one luster are not assigned to any luster. Eah of the
members is provides with a weight by whih the strength of their membership in their
lusters is determined (Harr et al., 2007). For a point k the weight assoiated with luster
i is dened as
wi,k =
1∑N
j=1
(
di,k
dj,k
) 2
(q−1)
(4.6)
di,k is the distane between point k and the entroid of luster i, dj,k is the distane of the
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point k to all the other lusters j, N is the total number of lusters and q is a fuzziness
oeient that has been set to 1.5.
Eah ensemble member has as many of these weights or membership fators as there
are entroids. The mean and standard deviation of the highest membership fator of all 51
ECMWF members is alulated. Ensemble members whose highest membership fator is
more than one standard deviation below this mean are not assigned to any luster. These
members lie in boundary regions between lusters. The other members are assigned to
the luster for whih their membership fator is highest.
In the resulting groups eah enter is realulated and beomes the new entroid. After
this step the members are rearranged aording to their smallest distane to the new
entroids. This proedure is repeated until no ensemble member is reassigned anymore.
An important advantage of the non-hierarhial lustering is that, in ontrast to the
hierarhial method, the members an be rearranged, i. e. the members an hange the
luster during the lustering proedure.
To determine the optimal number of entroids the proedure was started with 2 lusters.
Their harts of the potential temperature on the dynamial tropopause and the surfae
pressure were examined to see if the atmospheri patterns are dierent. If that is the ase
one entroid is added suh that the lusters split into three and so on. If the newly added
luster does not exhibit distint dierenes to the former ones the lustering is stopped.
4.4 Clustering the ensemble members
The analysis method desribed in the previous hapter is applied to all 5 ases. The EOFs
are alulated for eah ase for one time at whih a notieable inrease in the ensemble
standard deviation ould be seen in the plume originating from the ET loation on the
Hovmoeller plot. As in Harr et al. (2007) this time is referred to as the investigation
time. The time of maximum standard deviation in the plumes was not used beause this
ourred typially several days after ET. For this later time it would probably not be
possible to depit the dierent ET-senarios that are responsible for the variability in the
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ensemble members. The investigation times for the 5 ases an be found in Table 4.1.
4.4.1 The empirial orthogonal funtions
In all ve ases the main variability as depited by the rst two EOFs is aused by
dierent representations of the trough-ridge-trough pattern desribed in setion 4.1. The
EOFs desribe the east-west shift of the pattern, the horizontal tilt of the troughs and
the ridge and their amplitude.
N
+-
Shift pattern Amplitude pattern
- -
+
S
low θ
highθ
low θ
highθ
pos. neg. pos. neg. 
a) b)
) d)
Figure 4.12: Shemati of the rst two EOFs (top) denoting a) the shift and b) the amplitude pattern.
The dynami tropopause is represented shematially. The thik blak line represents the strong potential
temperature gradient in the midlatitudes. South of it the potential temperature values should be high,
north of it they should be low. Synopti patterns that result from the ontribution to ) the shift and d)
the amplitude pattern.
In Fig. 4.12 a, b the variability patterns are illustrated by a shemati of the dynami
tropopause. The thik blak line signies the strong potential temperature gradient on
the tropopause. High values of potential temperature are to the south and low values
to the north of this line. One of the rst two EOFs has maxima with opposite signs in
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the front and the rear of the ridge. The other one shows variability at the rest of the
ridge and in the up- and downstream trough. In Fig. 4.12  it is indiated that a positive
ontribution to the shift pattern represents an eastward shift and a negative ontribution
to the shift pattern a westward shift. Fig. 4.12 d denotes that a positive ontribution to
the amplitude pattern represents an ampliation of the ridge and a negative ontribution
a attening of the ridge. This an be understood onsidering that a positive ontribution
always amplies the maxima aording to their respetive signs. A negative ontribution
ounterats the signs of the maxima. Sine EOF1 and EOF2 an be related to either a
shift in the pattern or a hange in amplitude, they will be referred to in the following as
shift and amplitude patterns.
In Fig. 4.13 and 4.14 EOFs 1 and 2 are superimposed on the ensemble mean of the
potential temperature on the dynami tropopause at the investigation time of FCST2 for
Saola and at FCST1 for the other TCs. Note that the signs at the enters of ation are
arbitrary and dened for eah ase by the respetive prinipal omponent.
For Maemi the enters of ation of EOF1 (Fig. 4.13 a) are loated at the front and rear
of the ridge almost exatly as in Fig. 4.12. Thus, a positive ontribution of an ensemble
member to EOF1 would mean a shift or at least a tilting of the pattern to the east (Fig.
4.12 , left) and a negative ontribution a shift or tilting to the west (Fig. 4.12 , right).
In EOF2 (Fig. 4.13 b) a region with strong positive values is situated at the rest of
the ridge and two small regions with weak negative values an be found at the bases of
the troughs. Here a positive ontribution would enhane the amplitude of the ridge and
deepen the troughs (Fig. 4.12 d, left) while a negative ontribution would atten the ridge
and weaken the troughs (Fig. 4.12 d, right). In the ase of Maemi, the shift and amplitude
patterns are separated optimally in the EOFs.
For Fabian the EOFs (Figs. 4.13  and d) show similar harateristis. At the rear of
the ridge a region of strong positive values an be found in EOF1 (Fig. 4.13 ). This
enter of ation desribes the variability in the yloni wrap-up of the upstream trough
and resembles the upstream part of the shift pattern (Fig. 4.12 a). Negative values are
seen at the rest of the ridge similar to parts of the amplitude pattern (Fig. 4.12 b) and
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extend along the gradient at the rear of the downstream trough as the downstream part
of the shift pattern (Fig. 4.12 a). Therefore EOF1 desribes a mixture of the variability
in amplitude and shift. As in the ase of Maemi, EOF2 for Fabian (Fig. 4.13 d) desribes
the variability in the loation and tilt of the ridge. A large region of positive values at the
rest of the ridge and strong negative values at the base of the upstream trough slanting
slightly to the rear of the ridge an be seen. Thus, as for Maemi, EOF2 desribes mainly
the amplitude of the pattern (Fig. 4.12 b).
EOF1 of Tokage (Fig. 4.13 e) is very similar to EOF1 of Maemi at rst view. However,
the region of positive values at the front of the ridge is stronger and larger in sale than
the negative values at the rear of the ridge. A part of the positive values extend to the
rest of the ridge. From this perspetive EOF1 would desribe mainly variability in the
shift of the ridge (Fig. 4.12 a) and to a small part variability in the amplitude (Fig. 4.12
b). EOF2 of Tokage (Fig. 4.13 f) shows to regions of variability with opposed sign at the
rest of the ridge. At loser inspetion it is seen that the negative values lie polewards of
the strong gradient of potential temperature and the positive values equatorwards. The
negative values situated north of the positive extend down into the downstream trough. To
one part this pattern desribes variability in the amplitude pattern (Fig. 4.12 b) espeially
in the depth of the downstream trough. To the other part variability in the gradient of
potential temperature desribing the shape of the ridge is shown by EOF2 of Tokage.
The EOFs for the minor TCs have in ommon that EOF1 desribes variability in the
amplitude and EOF2 in the shift in ontrast to the EOFs of the major TCs. Furthermore,
the enters have smaller horizontal sales and their values are weaker.
For Saola (Figs. 4.14 a and b) the ensemble mean exhibits a rather zonal struture
in the midlatitudes. The patterns with the highest and seond highest ontribution to
the total variability oppose that for Maemi. The amplitude pattern desribed by EOF1 is
very similar to EOF2 of Maemi. EOF2 desribes variability in the shift of the long shallow
ridge.
During Philippe's lifeyle the ensemble foreasts exhibited high variability in the mid-
latitude ow that was unrelated to Philippe. Beause the ontribution of the ensemble
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Maemi: EOF1 Maemi: EOF2
Fabian: EOF1 Fabian: EOF2
Tokage: EOF1 Tokage: EOF2
Figure 4.13: Ensemblemean of potential temperature on the dynami tropopause (shaded, K) for
Maemi (top), Fabian (middle) and Tokage (bottom) for FCST1 (Table 4.1). EOF1 (left) and EOF2
(right) are shown in ontours at an interval of 3.0 K. The perentage of their ontribution to the total
variability is marked in white in the top left orner.
members to the variability assoiated with Philippe is the matter of interest, the region
for whih the EOFs were alulated was onned to 50
◦
 80
◦
W and 10
◦
 40
◦
N. In
this region EOF1 and EOF2 represent over 30 % of the total variability both in FCST1
and FCST2. For reasons of symmetry the same domain size as for the other four ases
is shown. EOF1 has a region of positive values at the rest of the weak ridge diretly
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downstream of the TC and a small region of negative values in the upstream trough. In
EOF2 a larger region of negative values is loated in the weak upstream trough and the
rim of a region of positive values an be seen around 50
◦
W. EOF1 suggests variability in
the amplitude of the trough-ridge pattern. The negative values in EOF2 desribe to one
part variability in the depth of the upstream trough and to the other variability in the
shift of the ridge whih has an inlined axis similar to Tokage.
Saola: EOF1 Saola: EOF2
Philippe: EOF1 Philippe: EOF2
Figure 4.14: As Fig. 4.13 for Saola (top) and Philippe (bottom). FCST2 is shown for Saola and
FCST1 for Philippe (Table 4.1). EOF1 (left) and EOF2 (right) are shown in ontours at an interval of
2.0 K.
For the 5 ases studied here, EOF1 and EOF2 an be related to either a shift in the
pattern or a hange in the amplitude, and will be referred to in the following as shift and
amplitude patterns.
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4.4.2 The Clusters
The temporal evolution leading to the variability among EPS members and the further
development of the members is examined by the fuzzy luster analysis of the prinipal
omponents assoiated with EOF1 and EOF2 explained in setion 4.3.1 to desribe the
ontribution of the individual ensemble members to the main variability. The ombination
of the prinipal omponent analysis with the lustering analysis has the advantage that
the development of the grouped members before and after the time of investigation an
be observed.
The numbers of lusters found for eah ase are presented in Table 4.2 for FCST1 and in
Table 4.3 for FCST2. The number of lusters was always less for FCST2 than for FCST1.
It was shown in setion 4.2 that the variability was smaller for FCST2 in all the ases. This
agrees with Harr et al. (2007) who hypothesize that the number of senarios dereases as
the foreast time approahes the ET time. Additionally, the perentage ontribution of
the shift and amplitude pattern to the total variability and the ontribution of eah of
the lusters to these patterns is listed. In all ases the rst two EOFs ontribute about
25 %  40 % to the total variability for FCST1 (Table 4.2) and 20 %  30 % for FCST2
(Table 4.3). Hene, lustering EOF1 and EOF2 takes into aount a large part of the total
variability. For Philippe the perentage is highest, beause the region of whih the EOFs
are alulated is smaller than for the other four ases.
As mentioned above, only the relative signs of the enters of ation are important. To
examine the links between the representation of the ET in the individual lusters and
the ontribution of eah luster to the EOFs the pattern of Maemi has been taken as a
referene. The signs of the other ases have been hanged aordingly as seen in Fig. 4.13
and 4.14. Thus a positive ontribution to the shift pattern represents an eastward shift and
a negative ontribution to the shift pattern a westward shift. A positive ontribution to
the amplitude pattern represents an ampliation of the ridge and a negative ontribution
a attening of the ridge. The nature of the ontribution to the EOF in question is given
for eah luster in Table 4.2.
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Figure 4.15: Ensemble members with the rst (PC1) and seond prinipal omponent (PC2) as new
oordinates for the 5-luster solution. The ensemble foreast was initialized at FCST1 and veries at the
investigation time of Maemi. Cluster enters are dened by irles with rosses. Turquoise points dene
ensemble members that do not belong to any luster.
To illustrate the lustering of the prinipal omponents the phase spae diagram for
the PCs found for the ensemble foreast from FCST1 for Maemi is shown (Fig. 4.15).
The optimal number of lusters following the riteria explained in setion 4.3.2 for Maemi
was 5. In the diagram the points are the 51 ensemble members with PC1 and PC2 as
their new oordinates. Ensemble members assigned to a given luster are denoted by the
same olour. The turquoise dots denote ensemble members that do not belong to any
luster. Eah of the Maemi lusters ontributes either positively or negatively only to
one of the variability patterns. The luster denoted by yellow dots does not ontribute
to any of the variability patterns and, thus, is similar to the ensemble mean. Therefore,
the ve Maemi lusters are nie examples for the link of the ontribution of the lusters
to eah of the variability patterns and the synopti development (see next setion). For a
loser investigation of the individual lusters, the potential temperature on the dynami
tropopause and the surfae pressure have been averaged in eah luster. The lusters
have been investigated with regard to their representation of the ET, i. e. the strength
of reintensiation and the longevity of the resulting system, and to their downstream
development. The oneptual model proposed by Klein et al. (2000) was used to dene
the strength of an ET in terms of the depth of the surfae pressure after interation with
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Table 4.2: Number of Clusters for FCST1. Number of members in eah of the lusters, perentage
ontribution of the shift and amplitude pattern to the total variability. Contribution of the individual
lusters (+ positive, - negative, ++ strong positive ontribution) to the respetive variability pattern.
Strength of ET: 0: No ET; 1: Little or no re-intensiation, entral mslp ≥ 1000 hPa; 2: Moderate
re-intensiation, entral mslp 985  999 hPa; 3: Deep re-intensiation, entral mslp < 985 hPa.
Shift Amplitude
Cluster Members
pattern
Contrib.
pattern
Contrib. ET Fig.
15 - + 3 4.16 a
Fabian 3 9 14.8 % - 10.4 % - 0 4.16 b
19 + o 3 4.16 
9 o - 1 4.4.2 a
6 o + 3 4.4.2 b
Maemi 5 8 18.9 % + 11.5 % o 2 4.4.2 
10 o o 3 4.4.2 e
11 - o 3 4.4.2 d
3 ++ - 3 4.18 a
Tokage 3 22 22.8 % + 10.8 % + 3 4.18 b
16 - - 3 4.18 
27 - - 0 /
Saola 2
19
11.5 %
+
13.0 %
+ 0 /
10 + + 1 4.4.2 a
8 o - 0 4.4.2 e
Philippe 5 7 15.3 % + 22.6 % - 0 4.4.2 b
8 - - 0 4.4.2 
3 - ++ 3 4.4.2 d
the midlatitudes (see Table 4.2). However, the upper limit for a deep reintensiation was
raised by 5 hPa to aount for the omparatively low resolution of the ensemble foreast.
Thereafter, 0 is assigned to a TC that is deaying without ET, 1 to a TC undergoing
ET and re-intensifying weakly or not at all (mslp ≥ 1000 hPa), 2 to a TC re-intensifying
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Table 4.3: As Table 4.2 for FCST2.
Shift Amplitude
Clusters Members
pattern
Contrib.
pattern
Contrib. ET Fig.
22 + - 3 /
Fabian 2
21
11.2 %
-
9.1 %
+ 3 /
24 + - 2 /
Maemi 2
19
16.9 %
-
9.4 %
+ 2 /
11 + + 3 /
Tokage 3 15 12.4 % - 8.5 % o 3 /
18 o - 3 /
20 + + 1 4.21 a
Saola 2
22
11.8 %
-
14.8 %
- 0 4.21 b
21 - - 0 /
Philippe 2
22
14.5 %
+
16.8 %
+ 1 /
moderately after ET (mslp 985  999 hPa) and 3 to a TC re-intensifying strongly after
ET (mslp < 985 hPa).
For the ve ases some remarkable similarities an be found between lusters with
the same sign of their ontribution to the EOFs. For the strong events the dierent
atmospheri developments are learly assoiated with the position and intensity of the
TC relative to the midlatitude ow and with the shape of the midlatitude trough-ridge-
trough pattern whih is inuened by the TC. For the weak ases, Saola and Philippe, the
dierenes in the lusters base mainly on the variability in the midlatitude ow and not
so muh on the intensity and loation of the TC. This is due to the weak representation
of these minor TCs in the model elds. It is to be expeted, sine in the analyses (setion
4.1.2) it ould be seen that in both ases the midlatitudes play the dominant role for
the ET event and for the absorption of the remnants. The pattern whih desribes the
highest perentage of variability is the shift pattern for the strong ases and the amplitude
pattern for the weak ases.
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Note that the fth Maemi luster does not ontribute to the variability patterns and
thus its dynamial tropopause has a similar orientation like the ensemble means with
regard to the shift and the amplitude of the trough-ridge-trough pattern.
Note further that FCST1 for Saola builds an exeption insofar as there is no interation
of Saola with the midlatitude ow in most of the ensemble members, as seen in setion
4.2.2. In this ase applying the analysis method to the ensemble foreast for this investi-
gation time does not yield meaningful results with respet to dierent representations of
ET. Thus, only FCST2 for Saola is disussed in the following.
Sine the ensemble members have been lustered based on the variability patterns
situated in a smaller region in the ase of Philippe the dierent representation of the
trough-ridge pattern in the lusters refers to the trough at about 70
◦
 80
◦
W and 30
◦

35
◦
N and the ridge at about 50
◦
 70
◦
W and 30
◦
 35
◦
N (Fig. 4.4.2).
Positive shift pattern
The lusters that ontribute positively to the shift pattern (Figs. 4.16 , 4.4.2 , 4.18 a, b,
4.21 a, 4.4.2 a, b) are either in a mature state or have deayed already. In eah positively
shifted ase the assoiated ridge on the dynami tropopause is tilted southwest-northeast
(Figs. 4.4.2 , 4.18 b) or is signiantly eroded (Figs. 4.16 , 4.18 a). Considering the
temporal evolution (not shown) it is seen that these positive ontributers to the shift
pattern develop and deay quikly. The systems reintensify deeply in the Fabian-luster
and in both Tokage-lusters and moderately in the Maemi-luster.
Figs. 4.16  and 4.18 a resemble the yloni paradigm of barolini wave life yle
in its deaying state (Thornroft et al., 1993; Davis and Emanuel, 1991). Fig. 4.4.2 
ontains elements of both yloni and antiyloni paradigms. The southern portion of
the upstream trough (115
◦
 140
◦
E) is bent bak antiylonially whilst the northern
portion is beginning to wrap up ylonially. Subsequently, the southern anomaly thins
and the yloni wrap up beomes more pronouned (not shown). A positive ontribution
to the shift pattern favors the formation of a ut-o low. This an be seen in Figs. 4.18
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a and b. The ridge is strongly tilted to the east and the trough that has interated with
Tokage shows only a weak yloni wrap-up of its northern portion. The formation of a
ut-o low at about 175
◦
E is nearly ompleted.
In the weak ases that ontribute positively to this pattern the ridge is rather shifted
than tilted downstream. The lusters show the upper-level ridge diretly downstream of
the TC shifted to the east ompared to the ensemble mean. In ombination with the
positive ontribution to the amplitude pattern (Figs. 4.21 a and 4.4.2 a), whih will be
desribed below, this leads to the ET being in a favorable region for re-intensiation.
The ex-TCs move into regions lose to the potential temperature gradient and re-intensify
weakly in these two lusters. In Fig. 4.4.2 b the trough-ridge pattern looks rather similar
to that in Fig. 4.4.2 a but has a weaker amplitude. In this luster Philippe has already
moved south of the trough and deays 12 hours later.
a) shift - amp + b) shift - amp -
) shift + amp 0
Figure 4.16: 3 lusters for Fabian for the en-
semble foreast from FCST1 valid on 0000 UTC
10 September, i. e. the investigation time. Po-
tential temperature at the dynami tropopause
(shaded, K), surfae pressure (ontours, inter-
val: 5 hPa).
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Negative shift pattern
In ontrast, the negative ontributers to the shift pattern (Figs. 4.16 a, b, 4.4.2 d, 4.18 ,
4.21 b, 4.4.2 , d) represent a delayed development of the ET system beause the westward
shift results in a later interation with the upstream trough. Fig. 4.16 b will be disussed
later beause, through its negative ontribution to the amplitude pattern, it shows a deay
without ET. In the other 3 ases the troughs have begun to wrap up ylonially as in the
yloni paradigm and the ridges are oriented meridionally. The surfae pressure shows the
systems either in their early stage of ET (up to 24 h before peak intensity) or just reahing
their peak intensity. Subsequently, they reintensify strongly and develop into persistent
almost stationary systems after interation with the midlatitudes (e. g. for Tokage in Fig.
4.19). Moreover, the north-south orientation of the ridges and the nearly stationary ET-
systems allow the downstream troughs to persist and the assoiated downstream surfae
pressure systems (at about 140
◦
 160
◦
W in Fig. 4.19 b) to intensify.
The weak ases show the upper-level trough-ridge pattern farther to the west ompared
to the ensemble mean. In the ase of Saola, this results in a position of the ex-TC whih is
not favorable for re-intensiation beause it is well east of the upstream trough. The TC
weakens further and is absorbed subsequently by the midlatitude system downstream. For
Philippe this ombination of a negative ontribution to the shift pattern and a strong posi-
tive ontribution to the amplitude pattern (as will be desribed below) gives a partiularly
favorable onguration for a strong ET in this smallest luster. However, omparing this
luster with Fig. 4.4.2 , in whih Philippe has already deayed, illustrates, however, that
a positive ontribution to the amplitude pattern is essential for reurvature and strong
re-intensiation.
Time development: Shift pattern
The dierent rate of barolini development of the ET systems in the lusters that on-
tribute positively and negatively to the shift pattern an be observed by investigating the
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a) shift 0 amp - b) shift 0 amp +
) shift + amp 0 d) shift - amp 0
e) shift 0 amp 0
Figure 4.17: 5 lusters for Maemi for the
ensemble foreast from FCST1 valid on 0000
UTC 15 September, i. e. 12 h after the inves-
tigation time. Potential temperature at the dy-
nami tropopause (shaded, K), surfae pressure
(ontours, interval: 5 hPa).
low level temperature. The lusters of Maemi are taken exemplary beause for Maemi the
lusters ontributing to the shift pattern do not ontribute to the amplitude pattern. In
the interest of larity, the luster that ontributes positively to the shift pattern (Fig. 4.4.2
) is referred to as positive shift and the luster that ontributes negatively to the shift
pattern (Fig. 4.4.2 d) as negative shift. Fig. The time development of the temperature
at 850 hPa in olors together with the relative vortiity in ontours of the two Maemi
lusters at this level is shown from 00 UTC 13 September to 00 UTC 15 September (Fig.
4.20).
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a) shift ++ amp - b) shift + amp +
) shift - amp -
Figure 4.18: 3 lusters for Tokage for the
ensemble foreast from FCST1 valid on 1200
UTC 21 Otober, i. e. 12 h after investigation
time. Potential temperature at the dynami
tropopause (shaded, K), surfae pressure (on-
tours, interval: 5 hPa).
a) shift - amp - b) shift - amp -
Figure 4.19: Same luster as Fig. 4.18  for a) 1200 UTC 22 Otober and b) 1200 UTC 23 Otober.
At 00 UTC 13 September the enhaned midlatitude temperature gradient in negative
shift (Fig. 4.20 a) is further away from the ex-TC, seen as a relative vortiity maximum,
than in positive shift (Fig. 4.20 b), but it is stronger upstream of Maemi. One day later
the temperature gradient has developed to a steep old front in negative shift (Fig. 4.20 )
whih results from the enhaned transport of old poleward air towards the southeast. The
old front upstream of the TC in positive shift (Fig. 4.20 d), stays omparatively weak.
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This results in a more zonal ow pattern whih allows a quiker downstream propagation
of the ex-TC. While on 13 September (Figs. 4.20 a, b) the positions of Maemi were about
the same, on 14 September (Figs. 4.20 , d) Maemi is learly further east in positive
shift (Figs. 4.20 d). On 15 September the old front at Maemi's position in negative
shift (Fig. 4.20 e) has nearly aught up with the warm front. The negative thikness
advetion has deepened the barolini system (Holton, 1992) and the ET system, whih
is almost stationary ompared with 14 September (Figs. 4.20 ), an re-intensify strongly.
In ontrast, the old front in positive shift (Fig. 4.20 f) has weakened and ex-Maemi is
far to the east in omparison with negative shift (Fig. 4.20 e).
Positive amplitude pattern
A positive ontribution to the amplitude pattern indiates a high amplitude trough-ridge-
trough pattern (Figs. 4.16 a, 4.4.2 b, 4.18 b, Figs. 4.21 a, 4.4.2 a, d). In the lusters of
the strong events the TCs moved towards the barolini zone and appeared to steepen
the potential temperature gradient through their outow. The position of the approah-
ing upper level troughs was favorable for a further steepening leading to ylogenesis
upstream (Hirshberg and Fritsh, 1991). All the strong events ontributing positively to
the amplitude pattern re-intensied strongly.
The weak events do not seem to play an ative role in the ridge building. Nevertheless,
the lusters that ontribute positively to the amplitude pattern (Figs. 4.21 a, 4.4.2 a, d)
show a rather distint development of a trough-ridge pattern that ontains a trough that
interats with the TC and a ridge diretly downstream. The ex-TCs interat with the
omparatively high potential temperature gradient between the trough and the ridge and
undergo ET. One of the Philippe lusters (Fig. 4.4.2 a) shows a weak re-intensiation 12
h after the time shown. The other one (Fig. 4.4.2 d) shows a strong re-intensiation 36 h
after this time. In the Saola luster that ontributes positively to the amplitude pattern,
the ex-TC has re-intensied weakly (Fig. 4.21 a). Ex-Saola moves to the west and merges
with the large-sale midlatitude system 24 h later.
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a) shift - amp 0 b) shift + amp 0
) shift - amp 0 d) shift + amp 0
e) shift - amp 0 f) shift + amp 0
Figure 4.20: Clusters ontributing in a negative (left) and positive (right) sense to the shift pattern
for Maemi as in Fig. 4.4.2 d and  valid on 00 UTC 13 Sept. (a, b), 14 Sept. (, d) and 15 Sept. (e, f).
Temperature (K, shaded) and relative vortiity (ontours, interval: 5e-5 s
−1
) at 850 hPa.
Negative amplitude pattern
A negative ontribution to the amplitude pattern indiates zonal ow (Figs. 4.16 b, 4.4.2
a, d, 4.18 a, , Figs. 4.21 b, 4.4.2 , e). This is partiularly marked for Fabian, Maemi, Saola
and Philippe. In Figs. 4.16 b and 4.4.2 a the ridge is large-sale and shallow and there is
no wrap up in the upstream trough. Fabian deayed after ompletion of its reurvature (3
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a) shift + amp + b) shift - amp -
Figure 4.21: 2 lusters for Saola for the ensemble foreast from FCST2 valid on 0000 UTC 27
September, i. e. the investigation time. Potential temperature at the dynami tropopause (shaded, K),
surfae pressure (ontours, interval: 5 hPa).
days before the time shown in Fig. 4.16 b) without undergoing ET beause the upstream
trough was too far west and thus not favorable for an interation. The remnants of Fabian
an be seen at about 40
◦
W and 50
◦
N in Fig. 4.16 b. Ex-Maemi's trak was inuened
by the upstream midlatitude trough that steered it to the east but it did not re-intensify
beause it was to the east of the potential temperature gradient. These two lusters (Figs.
4.16 b and 4.4.2 a) show no ET or ET without re-intensiation. At rst glane Figs.
4.18 a and  have dierent ow patterns than expeted for a negative ontributer to the
amplitude pattern. The ridges are slightly shallower than in 4.18 b but the ET systems
undergo deep reintensiation. This is primarily due to the high amplitude trough-ridge
pattern of the ensemble mean. Also, in the ase of Tokage the shift pattern explains a
muh larger part of the total variability (22.0 %) than the amplitude pattern (10.8 %)
(Table 4.2). Therefore the inuene of the amplitude pattern on the development of the
individual lusters is muh weaker.
No upstream trough an be seen in Fig. 4.4.2  for Philippe and there is only a very
weak trough in Fig. 4.4.2 e. The ex-TC either has deayed already (Fig. 4.4.2 ) or a
small low pressure system resulting from Philippe moves towards the Bahamas (Fig. 4.4.2
e). The strength of Saola in the midlatitudes is notieably weaker in Fig. 4.21 b than in
Fig. 4.21 a due to its weaker upstream trough and weaker potential temperature gradient
between the upstream trough and the ridge. Therefore, Saola merges with the large-sale
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midlatitude system downstream 24 h later than in the luster with positive ontribution
to the amplitude pattern.
a) shift + amp + b) shift + amp -
) shift - amp - d) shift - amp ++
e) shift 0 amp -
Figure 4.22: 5 lusters for Philippe for
the ensemble foreast from FCST1 valid on
1200 UTC 23 September, i. e. the investiga-
tion time. Potential temperature at the dy-
nami tropopause (shaded, K), surfae pressure
(ontours, interval: 5 hPa).
Time development: Amplitude pattern
Analogous to the time development of positive and negative shift, the time development
of the ET systems in the lusters whih ontribute positively and negatively to the ampli-
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tude pattern an be investigated examining the low level temperature. Again the lusters
of Maemi are hosen beause those whih ontribute to the amplitude pattern do not
ontribute to the shift pattern. In the interest of larity, the luster that ontributes posi-
tively to the amplitude pattern (Fig. 4.4.2 b) is referred to as positive amplitude and the
luster that ontributes negatively to the amplitude pattern (Fig. 4.4.2 a) as negative
amplitude. As for the shift patterns (Fig. 4.20) the time development of positive and
negative amplitude is shown from 00 UTC 13 September to 00 UTC 15 September (Fig.
4.23).
At 00 UTC 13 September the temperature gradient in negative amplitude (Fig. 4.23 a)
is further away from Maemi than in all the other lusters at this time (Figs. 4.20 a, b, 4.23
b) indiating a very unfavorable position for Maemi to re-intensify. There is no indiation
of a beginning southward transport of low temperature air. In ontrast, a steep old front
an be seen in positive amplitude quite losely upstream of Maemi at this time already
(Fig. 4.23 b). Even though ex-Maemi has moved lose to the temperature gradient on
day later in negative amplitude (Fig. 4.23 ) still no development of a barolini system is
indiated. In positive amplitude (Fig. 4.23 d) the old front is oriented rather meridionally
and the advetion of old air deepens the barolini system strongly. Hene, ex-Maemi
is loated in an area of strong barolini development and an re-intensify strongly. A
seond system has developed downstream. On 15 September a weak temperature wave
an be seen in negative amplitude (Fig. 4.23 e) with the remnants of Maemi at the rear of
the ridge. No development is seen and the ex-TC has deayed in this luster. In positive
amplitude (Fig. 4.23 f) a weakening temperature gradient indiates a starting deay of
the ET system. The downstream barolini system, however, has intensied. The warm
and old front in this system have nearly oluded.
Outliers
Another notieable parallel an be found in the lusters for Fabian, Tokage and Philippe.
Both of them have one omparatively small luster (Table 4.2), with a mean that exhibits
a markedly dierent development of the atmospheri ow pattern than the ensemblemean
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a) shift 0 amp - b) shift 0 amp +
) shift 0 amp - d) shift 0 amp +
e) shift 0 amp - f) shift 0 amp +
Figure 4.23: As Fig. 4.20 for lusters ontributing in a negative (left) and positive (right) sense to
the amplitude pattern for Maemi
and the other luster means (Figs. 4.16 b, 4.18 a). For Maemi suh an extreme luster
exists also (Fig. 4.4.2 a), but it is not smaller than the others. The dierent development
in the ase of Tokage an be seen also in the strong positive ontribution to the shift and
in the ase of Philippe in the strong positive ontribution to the amplitude pattern. In
the ases of Fabian and Maemi the extreme lusters show a quite zonal ow, as desribed
above. In the ase of Tokage the extreme luster is the one that shows the fastest devel-
opment and deay of the ET system. Here the dynamial tropopause is already attening
while in the other Tokage-lusters the ridge is in the proess of steepening or reahing its
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peak. For Philippe the outlier is the only one that shows a strong re-intensiation. Note
that the outliers show the highest dierenes to the analysis.
In eah of the ases exept for Saola the lusters found in the ensemble foreasts from
FCST1 yield quite dierent possible atmospheri developments that all have omparable
probabilities. Although the analysis is within the ensemble spread (setion 4.2.1) none of
the lusters resemble the analysis for Maemi and Tokage. That does not neessarily mean
that no member is similar to the analysis, but that a low probability is assigned to the
development that an be seen in the analysis. The ensemble foreast for Fabian yields one
luster (Fig. 4.16 ) that is in reasonable agreement with its analysis. The smaller standard
deviation of the ensemble foreast of Fabian ompared to the other strong events (setion
4.2.1) suggests that the preditability for Fabian in FCST1 is higher than that for Maemi
and Tokage. For Philippe the luster that shows an ET with strong re-intensiation (Fig.
4.4.2 d) is most similar to the deterministi foreast (not shown). From the number of
members in the Philippe lusters (Table 4.2) it is onluded that the ensemble assigns
a very low probability to the deterministi foreast and a distintly higher probability
to the lusters that do not show re-intensiation and are therefore more similar to the
analysis.
It is remarkable that for FCST2 the outliers do not appear in any of the ases (Table
4.3). Thus they are onsidered to play a major role in the high standard deviation for
FCST1 (setion 4.2) that dereases abruptly at the later foreast time. The number of
lusters for FCST2 is equal (Tokage) or smaller (Table 4.3) with a notieable derease
from 5 to 2 lusters for Maemi and Philippe. Furthermore, for all ases the largest or one
of the dominant (Tokage) lusters is losest to the analysis in terms of the position of
the ET system and of the development of the ow pattern. This indiates that foreasts
initiated at times lose to or after reurvature are haraterized by a higher preditability.
The initial onditions exluded the outlying developments that ould be seen in the small
lusters. Nevertheless, maxima in these standard deviations ould still be seen for FCST2
(setion 4.2). In the lusters for FCST2 the variability is assoiated with the tilt and the
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amplitude of the trough-ridge-trough pattern. Similar relations between the development
in the lusters and their ontributions to the shift and amplitude patterns an be drawn
for FCST2. It an be said that there is still a distint variability assoiated with the ET
systems that is not due to unertainties in the foreast of reurvature.
Through the investigation of the two weak events it ould be seen that the ensemble
foreast yields valuable additional information to the deterministi foreast in assigning
probabilities to it. The analysis method works even for the very weak ase of Philippe
and for the foreast from FCST2 for Saola. Inherently, the preondition that is neessary
for applying the method suessfully to analyse an event is that there is a high part of
the total variability in the ensemble assoiated with that event. This was not the ase for
FCST1 for Saola. To apture the small number of members that do reurve it might be
helpful to use a lustering method that takes into aount a time period instead of only
a single time.
5 Experiments
5.1 Overview over experiments
The omplex physial interations that our during the strutural hanges assoiated
with an ET often ontribute to diulties in the foreast of suh events. In setion 2.3 the
problems that an arise in the numerial foreast during an ET event have been explained
in detail. The approahes used in the ECMWF EPS to desribe unertainties in the initial
onditions and model errors have been highlighted in setions 3.2.1 and 3.2.2 respetively.
From the preditability studies of the ve ET ases in setion 4.2 it was evident that the
ensemble reets the high unertainties assoiated with the ET events.
To demonstrate the importane of the deaying TC undergoing ET for the redution of
preditability, it is interesting to whih part unstable strutures are assoiated with the
TC and to whih part with the midlatitude system. Furthermore, it is of interest, if the
unertainty in initial onditions whih may impat the preditability in the environment of
an ET system is desribed by the ensemble. The dispersion and downstream propagation
of that impat yields a measure of how far the redution of preditability due to an ET
an reah. The desription of the behavior of errors that may arise due to unertainties
in parametrized proesses in the presene of an ET and their downstream propagation is
of further interest. The omparison of the redution of preditability due to initial uner-
tainties and unertainties in the parametrized proesses during an ET may give insightful
information. Finally, the impat of the EPS resolution on the error representation during
an ET is important.
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The experiments are designed to give information about the representation of the error
growth in the EPS due to the respetive auses, initial unertainty, unertainty in para-
meterization and unertainty due to oarse resolution. Typhoon Tokage was hosen for
the experiments beause it seemed to have the highest inuene on the building of the
trough-ridge-trough pattern as explained in setion 4.2.1. Before its ET the midlatitude
ow upstream of Tokage was zonally oriented. When the TC approahed the strong poten-
tial temperature gradient on the dynamial tropopause a distint ridge formed (Fig. 4.2
). In the experiments new 10 day FCST1 and FCST2 ensemble foreasts were alulated
with the ECMWF EPS of Tokage. For the EPS the resolution T255L40 and for the SV
alulation the resolution T42L40 was used as mentioned in setion 3.3.
The representation of initial ondition unertainties an be investigated by the aid of
experiments onerning the perturbations targeted on the optimization region of Tokage
(Fig. 3.3). To be onsistent with the model yle used for the experiments the SVs were
realulated. The targeted singular vetors desribe the struture of the highest instabil-
ities and are used to simulate small errors in the initial onditions in the optimization
region into whih Tokage is foreast by the EPS to propagate as explained in setion 3.2.1.
By investigating their struture and loation, information is obtained about whih part of
the instabilities and the resulting error growth an be attributed to the ex-TC and whih
part to the upstream trough.
In the rst experiment a new model run without the perturbations targeted on Tokage
was performed and ompared to a new model run with the same onguration but with
targeted perturbations. The dierene yields a measure of the inuene of the targeted
perturbations on the desription of unertainties in the ensemble. To redue the dier-
ene between the two runs solely to that assoiated with the targeted perturbations the
stohasti physis was swithed o. The SVs that are used to initialize the ensemble were
realulated as well. For the runs without the additional perturbations targeted on Tokage
the sript in PrepIFS that is responsible for the linear ombination of SVs (Eq. 3.27) is
modied suh that the additional SVs for Tokage's optimization region (Fig. 3.3: green
box) do not ontribute to the initial perturbations xj . In other words, the optimization
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region for Tokage is swithed o. Hene, the two model runs dier only in the additional
SVs targeted on Tokage.
In the seond experiment the representation of unertainties due to parametrized pro-
esses is investigated by examining the impat of the stohasti physis. The EPS was
ran without targeted perturbations around Tokage but with stohasti physis. These
runs were ompared to equivalent runs but without stohasti physis. To swith o the
stohasti physis the perturbed parametrized tendenies from the alulation of the en-
semble members ej in Eq. (3.32) are just exluded. That is done by setting rj(λ, φ, t)
equal to 1 in Eq. (3.33).
In the third experiment the behavior of the ensemble during the presene of an ET with
the high resolution onguration (T399L62), implemented in February 2006, was tested.
The experiment is performed with and without the targeted perturbations on Tokage but
without stohasti physis. In addition to the representation and downstream propagation
of unertainties due to ET our attention was turned to the ability of the high resolution
ensemble foreast to apture the weakening of our ET ase Tokage after its landfall on
Japan. The experiments are listed in Tables 5.1 and 5.2 together with some results whih
will be disussed later.
One fous of our analysis of these experiments lies with the orret representation of
the trak and intensity spread of the TC ensemble foreast. An important riteria is the
representation of the analysis by the ensemble members, i. e. if the analyzed trak is
ontained in the ensemble ((Puri et al., 2001)) and if some members are losed to the
analysis. Moreover, the question is posed as to whether the ensemble spread is realisti,
i. e. if it is large enough to desribe the unertainties but does not overestimate the
unertainties. This question is addressed through omparing the root-mean-squared error
(RMSE) of the ensemble mean with the root-mean-squared dierene (RMSD), a measure
of ensemble spread that determines the average distane of all the ensemble members to
the ontrol foreast. Alternatively, the standard deviation an be used as measure of spread
within the ensemble members (Buizza et al., 2004) as shown in the ase studies (4.2). If
the RMSE is equal to the RMSD or the STD the spread is assumed to be represented
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orretly. If the RMSE is lower or higher then the spread is over- or underestimated.
The dispersion and downstream propagation of the inuenes due to the targeted per-
turbations and the stohasti physis is examined by alulating the spread dierenes in
the geopotential at 200 and 500 hPa between the runs in the respetive experiments. The
rapidity and mehanisms of the downstream propagation of the respetive errors were
explored. In priniple the experiments an be seen as a simulation of the impat that an
ET an have on the preditability in its viinity and downstream.
Finally, the spread and diversity of the synopti patterns shown by the individual
ensemble members in the experiments, an be investigated by grouping them analogous
to the ase studies. For this purpose the analysis method desribed in setion 4.3 is applied.
5.2 Struture of the singular vetors
The additional perturbations targeted on TCs are alulated using only initial SVs. In
setion 5.3 dierenes between the experiments with and without additional perturbations
will be shown.
The struture of the singular vetors, with whih the targeted perturbations on Tokage
in the experiments are initialized, has been investigated to gain insight into where the
regions of high unertainty in assoiation with Tokage's ET are and what is the struture
of the SVs that grow most strongly in 48 hours and lead to the dierenes between the
experiments with and without targeted perturbations. Our interest was foused on the
role that Typhoon Tokage and its interation with the midlatitudes plays in the growth
of disturbanes ompared to the preexisting baroliniity in the midlatitude ow. For this
purpose the properties of the singular vetors targeted on Tokage that were realulated
for the experiments were ompared with some properties found in previous investigations
of extratropial singular vetors.
The previous studies found that the perturbation energy for the extratropial SVs at
initial time is typially largest in lower tropospheri levels and propagates upwards during
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Table 5.1: As Table 4.2 for the T255L40 resolution experiments with the ECMWF ensemble predition
system IFS.
Shift Amplitude
Clusters Members
pattern
Contrib.
pattern
Contrib. ET Fig.
Resolution T255L40
11 + - 0 5.17 a
Pert/ 12 - - 3 5.17 
Nosto
4
8
11.2 %
+
18.4 %
+ 3 5.16 a
14 o + 3 5.16 b
14 + o 3 5.16 
Nopert/
3 18 20.7 % - 10.1 % + 3 5.16 d
Nosto
11 - - 2 5.17 b
9 + - 2 /
Pert/ 13 - - 3 /
Sto
4
10
9.9 %
+
19.2 %
+ 3 /
11 - + 3 /
19 o + 3 5.25 a
Nopert/
3 14 19.3 % - 9.6 % - 3 5.25 b
Sto
9 + - 3 5.25 
optimization (Hartmann et al., 1995; Buizza and Palmer, 1995; Reynolds et al., 2001; Peng
and Reynolds, 2006). Badger and Hoskins (2000) use a simple 2 dimensional (x,z) model
to desribe strutures that lead to strong transient growth of perturbations whih exeeds
the growth of the normal modes during a short time period. They use the Eady basi state
whih implies a onstant vertial shear (u¯ = Λz + u0). They explain the strong growth
oneptually through the mehanism of PV unshielding.
In Fig. 5.1 (a) a region of positive potential vortiity is loated in the enter of the
model domain. The shielding by the negative PV on top and beneath it inhibits the ow
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Table 5.2: As Table 4.2 for the T255L62 (Lowres) and T399L62 (Highres) resolution experiments with
the ECMWF ensemble predition system IFS.
Shift Amplitude
Clusters Members
pattern
Contrib.
pattern
Contrib. ET Fig.
Resolution T255L62 (Lowres) and T399L62 (Highres)
12 + + 3 5.30 b
Pert/
8 - + 3 5.31 b
Nosto/ 4
12
22.4 %
-
9.4 %
- 2 /
Lowres
14 + - 3 5.30 d
Nopert/ 20 + + 3 /
Nosto/ 3 8 17.9 % + 7.7 % - 2 /
Lowres 14 - - 3 /
12 + + 3 5.30 a
Pert/
13 + - 2 5.30 
Nosto/ 4
9
20.7 %
-
9.7 %
+ 3 5.31 a
Highres
9 - - 2 5.31 b
Nopert/ 17 o + 3 /
Nosto/ 3 10 17.7 % + 7.7 % - 2 /
Highres 14 - - 3 /
assoiated with the PV anomaly from reating a thermal anomaly at the boundaries.
In this onstellation no growth is possible. However, as soon as the basi zonal ow
advets the PV anomalies the negative anomalies are displaed eastward and westward
respetively, relative to the positive PV anomaly (Fig. 5.1 b) whih is therefore no longer
shielded from the upper and lower boundary. Interation with the boundaries takes plae
and thermal anomalies are indued through temperature advetion by the meridional
wind. These thermal anomalies an be regarded as PV anomalies in turn. The dierene
between day 0 and 0.5 (Fig. 5.1 ) shows that the meridional wind is tilted westward
induing positive PV anomalies that beome phase-loked. The wind and pressure elds
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z (km)
z (km)
Figure 5.1: Perturbation potential vortiity (thik ontours, interval : 10
−5
s
−1
) and meridional wind
(thin ontours, interval: 0.25 ms
−1
) for a perturbation with 4000 km horizontal and 8 km vertial sale.
Dashed lines are negative and solid lines positive values. (a) day 0, (b) day 0.5. () dierene between (b)
and (a).
are tilted against the shear and disturbanes an propagate up- and downwards. As soon
as the positive PV anomaly is unshielded, i. e. between day 0 (Fig. 5.1 a) and day 0.5
(Fig. 5.1 b), rapid growth ours during a short period followed by a period of slower
sustained growth due to the oupling of interior PV anomalies and boundary thermal
anomalies (Reynolds et al., 2001). For shorter horizontal sales the negative PV anomalies
would be displaed more rapidly and a stronger and faster growth would follow. This
agrees with the statement of Hartmann et al. (1995) that the energy growth is faster for
initial perturbations of sub-synopti sale waves than for larger sale initial disturbanes
(Hartmann et al., 1995). The former adopt quikly strutures of synopti sale waves in
an optimization interval of 1.5 to 3 days.
Reynolds et al. (2001) found leading SVs, i. e. strongest perturbation growth, below
upper level PV features whih they explained by the initial unshielding and upward prop-
agation of energy. Singular vetors produed with the total energy norm show an upsale
energy asade from subsynopti to synopti sales during their optimization time (Buizza
and Palmer, 1995; Hoskins et al., 2000). Beause of this feature the total energy is a suit-
able norm to desribe error growth in the modeling of the atmosphere beause initial
errors are in general subgrid sale and inuene the foreast of the synopti sale ow.
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The strong growth of small sale initial disturbanes is reminisent of the buttery ef-
fet (Lorenz, 1963b) in the sense that small sales an inuene large sales. Singular
vetors loalized in wave pakets tilted strongly against the shear (Badger and Hoskins,
2000; Hoskins et al., 2000) beome tilted towards the vertial by shear and grow. This
is visualized using a shemati of the superposition of two waves whih have the same
wavelength and amplitude but opposite tilts. The lines designate the phase lines. It an
be seen that initially the waves have the same tilt. After some time the tilt of the upshear
tilted wave dereases and the tilt of the downshear tilted wave inreases. The upshear
tilted waves extrat energy from the mean ow in the proess of untilting them (Reynolds
et al., 2001).
Figure 5.2: Shemati of two plane waves in potential vortiity with equal and opposite tilt at initial
time (a) and some time later (b). The shear of the ow has hanged the tilt of the lines representing
equal phase.
It an be said that extratropial SVs evolve from barolini to more barotropi stru-
tures. Initially they are tilted strongly with height onsistent with upward propagation
of wave ativity as the group veloity is direted into the jet (Buizza and Palmer, 1995).
After their optimization time they are quite vertially oriented (Buizza and Palmer, 1995;
Hartmann et al., 1995). This strutural hange an be transferred to barotropially devel-
oping waves as well. Here, the SVs are assoiated with waves tilted against the barotropi
shear (Buizza and Palmer, 1995).
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Several authors who investigated the inuene of moist physis on SVs in detail (Ehren-
dorfer et al., 1999; Barkmeijer et al., 2001; Coutinho et al., 2004; Hoskins and Coutinho,
2005) found that they grow stronger and faster than dry SVs. Moist SVs have a shorter
optimization interval, i. e. only 24 h. Coutinho et al. (2004) stated that the large-sale
ondensation is the dominant proess in the full physis pakage. The rapid grow of moist
SVs is due to large-sale latent heat release. Further studies have been ondued where an
additional term for the speify humidity was inluded in the total energy norm (Ehren-
dorfer et al., 1999; Barkmeijer et al., 2001). However, during the optimization interval all
energy is transformed in the spei humidity omponent, i. e. the total energy is dom-
inated by the spei humidity. Hene, the moist total energy norm is not useful when
interested in a general probability foreast also for other omponents suh as temperature
and wind (Barkmeijer et al., 2001). Consequently, the dry total energy norm without
inlusion of the spei humidity term is used operationally at the ECMWF. However,
the tropial SVs are alulated from the tangent linear model inluding the full physis
pakage (moist SVs).
5.2.1 Spatial struture
The horizontal and vertial struture of the leading SV (SV1) with regard to barotropi
and barolini tilt is investigated rstly by only using the temperature omponent of the
initial SV1 (Fig. 5.3) for 1200 UTC 16 and 1200 UTC 18 Otober at 200 hPa, 500 hPa
and 850 hPa. The temperature omponent has been hosen as it is proportional to the
potential energy whih is in general higher for extratropial initial SVs than the kineti
energy (Hoskins and Coutinho, 2005; Peng and Reynolds, 2006). SV1 is used beause it
dominates the harateristis of the rst 5 SVs integrated vertially over the atmosphere
(Eq. 3.21) as will be onrmed in setion 5.2.4. On both dates the singular value for SV1
is about twie as high as the singular value for SV2.
The behavior of the leading SV parts that are loated around Tokage, i. e. in the
subtropis, are quite dierent to the parts in the midlatitudes onrming the ndings of
Barkmeijer et al. (2001). Therefore, they are desribed separately in the following and are
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referred to as tropial parts and midlatitude parts respetively. At 200 hPa on 16 Otober
(Fig. 5.3 a) the tropial parts of SV1 over a rather large area around Tokage. On 18
Otober (Fig. 5.3 b) only two small rings of the tropial SV that have weak amplitude are
loated east and west of Tokage in the upper troposphere. The amplitude of the tropial
parts on 16 Otober is higher at 200 hPa than at 500 hPa (Fig. 5.3 ) while on 18 Otober
only strutures of weak amplitude an be found south east of the TC at 500 hPa (Fig.
5.3 d). At 850 hPa few SV1 strutures are around the outermost losed isobar around
Tokage on 16 Otober (Fig. 5.3 e) and on 18 Otober (Fig. 5.3 f). No distint barotropi
tilt of the tropial SV strutures an be seen at none of the two times. The only shear in
the viinity of Tokage is due to its yloni winds. Consequently, other mehanisms than
untilting of upshear tilted waves are responsible for the growth of disturbane energy. The
loation of the tropial parts of the SVs in the upper troposphere may be explained by the
statement of Reynolds et al. (2001) that the steering level is higher up in less barolini
environments like the tropis or summer time midlatitudes. Initial SVs tend to be loated
at the steering level as will be illustrated in detail below.
The midlatitude parts of the leading SV strutures over the largest area and have
the highest amplitude at 500 hPa on 16 Otober (Fig. 5.3 ) ompared to 200 and 850
hPa. At 200 hPa (Fig. 5.3 a) only quite small amplitude strutures an be found in the
trough and the ridge upstream of Tokage. The largest parts of SV1 on 500 hPa an be
found in the midlatitudes diretly north of Tokage at the axis of the thermal trough (Fig.
5.3 ). A trough in the geopotential is situated east of these low temperatures indiating
a growing barolini system beause old polar air is adveted into the trough ating to
further deepen it. Reynolds et al. (2001) stated that SVs our in regions of large mid-level
thermal gradients whih orresponds to the loation of the parts of SV1 diretly north
of Tokage. In a trough upstream in the midlatitudes some strutures are seen as well.
Even though the trough is not the one with whih Tokage will interat, the SV indiates
that this region of high baroliniity has a distint inuene on the TC development and
motion. The upstream parts of the midlatitude SV at 500 hPa seem to indiate instability
and possible error growth onneted with the reurvature and the interation of Tokage
with the midlatitudes. Deviations in the initial onditions may result in a onstellation
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that is favorable for a phase-loking of Tokage with the upstream trough whih ould
result in a strong re-intensiation or at least aeleration towards the east many hours
before the analyzed ET. This would imply large foreast errors. Moreover, a rather strong
temperature gradient an be found diretly at the loation of the upstream part of SV1
indiating a deepening of the small trough seen in the geopotential through advetion of
old air. On 18 Otober at 500 hPa (Fig. 5.3 d) the amplitudes and the area overed by SV1
upstream in the midlatitudes is muh larger than on 16 Otober. They ould be assoiated
with the upstream midlatitude ow inuening the TC motion. This is not surprising as
the analyzed reurvature is on 0000 UTC 19 Otober. Hene, small unertainties in plae
and time of the interation of the TC with the region of high barolini instability in the
midlatitudes, indiated by the strong temperature gradient, will ause large error growth.
While on 16 Otober almost no strutures in the midlatitude SV an be seen at 850 hPa
on 18 Otober rather high amplitude strutures are loated in the midlatitudes (Fig. 5.3
f). Moreover the signal in the subtropial high, whih is loated at about 130 - 160
◦
E
and 25 - 45
◦
N, is muh more distint giving evidene of its inuene on the TC motion
through bloking it from moving northwards so that the storm moved along the periphery
of the high.
The midlatitude SV strutures are tilted against the shear implying energy growth of
the disturbanes (Badger and Hoskins, 2000). This barotropi tilt is muh stronger on 18
Otober than on 16 Otober at 500 hPa. This might be assoiated with the stronger hor-
izontal shear denoted by the stronger geopotential gradient indiating higher barotropi
instability.
The strutures both on Otober 16 and 18 are small sale, i. e. they over less than 15
◦
,
as reported for initial extratropial SVs in Buizza and Palmer (1995). This is an inherent
property of SVs alulated with the total energy norm. SVs of small sales are favorable
for strong growth, as explained in the previous setion. The midlatitude SV strutures
and almost all of the SV strutures on 18 Otober have extratropial SV properties.
There is almost no amplitude at 200 hPa and the highest amplitudes are around 500
hPa, the typial steering level for the midlatitudes, at initial time. As mentioned in the
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previous setion the perturbation energy of these disturbanes is expeted to propagate
upwards during optimization time. The sales of SV1 are similar both on 16 Otober at
200 and 500 hPa and on 18 Otober at 500 and 850 hPa. Nevertheless, on 16 Otober
some meridionally larger sales an be found at 200 hPa west of Tokage as well, indiating
slower growth of SV1 during the optimization time in that region west of Tokage.
a) b)
) d)
e) f)
Figure 5.3: Temperature omponent (K, blak) of the leading initial SV targeted on Tokage. Top row:
model level 10 (about 200 hPa); middle row: model level 20 (about 500 hPa) and bottom row: model level
29 (about 850 hPa) on 12 UTC 16 Otober 2004 (left) and 12 UTC 18 Otober 2004 (right). Geopotential
height of ontrol foreast at initialization time on the respetive level (m, purple). Tokage is marked by
a blak dot. Optimization regions for Tokage are shown as blak boxes.
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The parts of SV1 that are loated around the TC at 200 hPa on 16 Otober may be
assoiated with the TC outow. The antiyloni irulation of the outow and the small
values of the Coriolis parameter in the tropis might by the auses that the absolute
vortiity is negative in large parts northeast of Tokage (Fig. 5.4 a) so that the riteria
for inertial instability (Holton, 1992) is fullled. Furthermore, the riteria for barotropi
instability is satised in the region of the tropial parts of SV1 at 200 hPa as well beause
the gradient of the absolute vortiity hanges sign south and east of the TC lose to the
TC enter. SV1 indiates the instability in this region. Similar results have been found
by Barkmeijer et al. (2001). The response of the SVs to these instability riteria an
be seen learly at 500 and 850 hPa also. At all three levels the vortiity is strongest in
the enter of the storm and dereases away from it until it reahes a loal minima or
hanges sign. These loations of the tropial SVs onrm the ndings in the omposites of
Peng and Reynolds (2006) who investigated 85 tropial ylone ases whih they divided
into groups of straight moving, reurving and irregular-motion ases. They found the
SVs approximately at 500 km away from the storm enter in regions where the vortiity
gradient hanged sign. This distane would orrespond to the 500 hPa level (Fig. 5.4 b)
in our ase. Here the SVs are loated rather to the southeast and southwest of the storm
(Fig. 5.4 b). Peng and Reynolds (2006) justied their results by the Rayleigh ondition of
instability (
∂q¯
∂y
hanges sign, where q is the potential vortiity) and the inertial instability
of the vortex near the outer part of the storm. Hene, it an be onluded that in the
viinity of the storm the instability mehanisms are dierent than in the midlatitudes
leading to a dierent appearane of tropial SVs than extratropial SVs.
Reynolds et al. (2001) found in their omposites of 38 ases that initial SV maxima
lie beneath distint upper-level PV features. They attribute this to the fastest growth
ourring through PV unshielding and upward propagation of energy from mid to upper
levels.
It is obvious that the midlatitude SV parts at 500 hPa (Fig. 5.4 b) lie diretly beneath
the upper-level trough north of Tokage (Fig. 5.4 a). At 200 hPa (Fig. 5.4 a) the midlatitude
SV parts an be found in regions of relatively weak vortiity gradients. Palmer et al. (1998)
106 5.2. Struture of the singular vetors
a) b)
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Figure 5.4: Absolute vortiity (shaded, s
−1
), temperature omponent of initial SV1 (blak ontours,
K) and mean sea level pressure ≤ 1000 hPa (white ontours, m) at 200 hPa (a), 500 hPa (b) and 850
hPa () on 16 Otober 12 UTC. Tokage is marked by a blak dot.
explained that the SV growth is assoiated with the propagation of planetary Rossby
waves from weak PV gradient regions to strong PV gradient regions.
5.2.2 Distribution of energy
Interesting dierenes in the behavior of tropial and extratropial SVs an be found by
omparing the available potential energy and the kineti energy. The APE for the dierent
levels has been alulated from the rst term of Eq. 3.21 by setting u and v equal to zero
and the kineti energy by setting T equal to zero. The respetive omponents of SVs 1 to
5 have been weighted by their singular values and summed.
As seen in the omparison of the temperature omponent for 16 and 18 Otober (Fig.
5.3) the APE of the tropial part of the SVs has highest values at 200 hPa on 16 (Fig.
5.5 a). On 18 Otober a muh smaller-sale struture of SV APE is seen in the region
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of the TC. At this level, both on 16 and 18 Otober the SVs are merely assoiated with
the typhoon. At 500 hPa they still over a distint area around the TC on 16 Otober
(Fig. 5.5 ) while on 18 Otober (Fig. 5.5 d) the tropial part is as small as at 200 hPa.
However, at this level both on 16 and 18 Otober the amplitude and area overed by SV
APE in the midlatitudes is muh larger than in the subtropis.
In the midlatitudes SV APE is only seen at 500 hPa on 16 Otober. On 18 Otober the
midlatitude parts of the SVs are in the mid (Fig. 5.5 d) and lower (Fig. 5.5 f) troposphere.
As found by Peng and Reynolds (2006) for the straight moving ases, tropial SV APE
an mainly be seen to the rear of the TC, i. e. in the southeast, of Tokage's on both dates
with the exeption of 850 hPa on 16. Investigating the wind vetors it is obvious that the
SV APE is in regions where the ow is direted towards Tokage. At 500 hPa on 16 and
18 Otober, for example, the midlatitude SVs are only seen in the upstream part of the
trough diretly north of Tokage orresponding with the region of the ow moving towards
the storm. In ontrast, the storm evolution in this ase does not seem to be sensitive to
the eastern part of the trough were the wind blows away from the storm. Similarly, on 18
Otober at 850 hPa the extratropial SVs are also upstream of the TC and the tropial
SVs are mainly in the southwestern part of the subtropial high were the wind blows
towards the storm. Peng and Reynolds (2006) state that the inward ow is assoiated
with the steering ow of a TC and that, hene, the maximum unertainty aeting its
motion, i. e. the leading SV, is linked to it. The fat that leading SVs are found in the
upper troposphere around the TC indiates that the ow in the upper regions may have a
steering inuene on Tokage as well, whereas the steering level for extratropial systems is
rather in the midtroposphere. The distint dierene between the two days is that while
on 16 Otober both on 200 and 500 hPa distint parts of the SVs are assoiated with the
storm the SVs are onneted almost only to midlatitude features like the upstream trough
at 500 hPa (Fig. 5.5 d) and the subtropial high (Fig. 5.5 f) on 18 Otober.
The kineti energy of the SVs is found in the mid- and lower troposphere only. In Fig. 5.6
the 500 (top) and 850 hPa (bottom) levels are shown for 16 (left) and 18 (right) Otober.
The vertial energy distribution orresponds to that in Peng and Reynolds (2006) where
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Figure 5.5: APE (shaded, 10
−3
Jkg
−1
) of the leading initial SV targeted on Tokage. Top row: model
level 10 (about 200 hPa); middle row: model level 20 (about 500 hPa) and bottom row: model level 29
(about 850 hPa) on 12 UTC 16 Otober 2004 (left) and 12 UTC 18 Otober 2004 (right). Horizontal wind
(blak arrows, ms
−1
) and geopotential height of ontrol foreast at initialization time on the respetive
level (m, gray ontours).
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the potential energy for the leading initial SVs was loated at about 500 hPa and the
kineti energy at about 700 hPa. In ontrast to the APE of the SVs, at lower levels a
large part of the kineti energy of the SVs is loated around the TC. Peng and Reynolds
(2006) point out that the dominane of the kineti energy around the TC is typial and
represents a signiant dierene between extratropial and tropial ylone SVs. As for
the APE of the SVs, the kineti energy lies mainly in regions in whih the ow is direted
towards the storm but is more equally distributed in an annulus around the TC, espeially
on 16 Otober at 500 hPa (Fig. 5.6 a). On 16 Otober the kineti energy is loated almost
only around the TC while on 18 Otober the behavior is more like that of midlatitude
SVs in that the energy an be found in regions of high baroliniity in the midlatitudes.
a) b)
) d)
Figure 5.6: As Fig. 5.5 for kineti energy (shaded, 10
−3
Jkg
−1
). Only 500 hPa (a, b) and 850 hPa (,
d) are shown.
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5.2.3 Temporal evolution
The time evolution of the vertial struture of the leading SV an be examined by inves-
tigating the ve initialization times in 24 hour intervals from 14 Otober 12 UTC, i. e.
108 hours before reurvature, to 18 Otober 12 UTC, i. e. 12 hours before ET. It is of
interest to examine how the SV struture hanges from a tropial to a more extratropial
one as the TC approahes reurvature. To investigate the tropial parts separately from
the midlatitude parts initial SV1 has been divided into two latitude bands. The tropial
parts of SV1 have been averaged between a latitudinal band between 0
◦
- 20
◦
N from
14 to 16 Otober and between 5
◦
- 25
◦
N on 17 and 18 Otober (blak ontours). The
midlatitude parts of SV1 have been averaged between 20
◦
- 40
◦
N from 14 to 16 Otober
and between 25
◦
- 45
◦
N on 17 and 18 Otober.
In the previous setion it was found that the highest amplitude of the leading singular
vetor is at rather high levels at times well before reurvature (Fig. 5.3, left). Figs. 5.7 a,
b and  illustrate that from 1200 UTC 14 Otober (Fig. 5.3 a) strutures in the viinity
of the TC are loated to a large part above model level 20 and extend as far as model
level 10. Their amplitudes and heights in the tropis around the TC grow between the
initialization times 14 to 16 Otober (Figs. 5.7 a - ). In the midlatitudes north of Tokage
and upstream, i. e. polewards from 20
◦
N, the SV1 strutures an be found around model
level 20 (500 hPa) and below from 14 (Fig. 5.7 a) to 18 Otober (Fig. 5.7 e). On 17 and
18 Otober the barolini upshear tilt of the extratropial parts is muh stronger than
at earlier times before reurvature and SV1 extends further downwards. On 18 Otober
(Fig. 5.7 e) strutures an be seen at model level 35 whih is well inside the boundary
layer.
The high levels of the parts around Tokage suggest sensitivity to small errors assoiated
with the impinging of the outow on the jet. At latitudes around Tokage SV1 shows a tilt
to the east with height, espeially on 16 Otober. Examination of the high level wind and
the meridional temperature distribution demonstrated that from 300 hPa on, an easterly
shear diretion predominates, onneted with a weak inrease in temperature from 0
◦
to
15
◦
(not shown). Thus, SV1 is tilted against the vertial shear, suggesting growth in this
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region as well. At the initialization time 1200 UTC 17 Otober the SV1 parts around the
TC are less and derease in amplitude while more parts an be found in the midlatitudes
espeially upstream (Fig. 5.7 d). On 1200 UTC 18 Otober almost no strutures at high
levels (level 15) are left and the largest part of SV1 is onentrated in the midlatitudes
between level 20 and 25, i. e. about 500 to 700 hPa, (Fig. 5.7 e) resembling more to the
behavior of extratropial SVs as mentioned in the previous setion. At this time the SV
struture indiates sensitivity and error growth assoiated with the reurvature of Tokage.
In this setion and the previous it has been demonstrated that the leading SV shows
dierent features, for example an eastward tilting struture and high amplitudes at higher
levels, at the initialization time longer before reurvature when it is mainly in the tropis.
Possible error growth is rather assoiated with instabilities through the TC and a possible
interation with the midlatitudes. At the later initialization times the largest possible error
growth seem to be onneted to the barolini zone and to the reurvature of Tokage.
5.2.4 Comparison with Eady-Index
The simplest model for barolini instability is the Eady model (Eady, 1949). An f-plane is
assumed. A onstant negative meridional temperature gradient is in thermal wind balane
with a linear inrease in wind speed with height. The system has xed upper and lower
boundaries. The Eady index is based on the growth rate of the most unstable normal
mode in the Eady model:
σE = 0.31
f
N
du
dz
(5.1)
with the Coriolis parameter f , the Brunt-Väisälä frequeny N and the uniform vertial
wind shear
du
dz
in thermal wind balane with a N-S temperature gradient. It is used to
illustrate regions of barolini instability in atmospheri ow, i. e. where barolini growth
an our (Hoskins and Valdes, 1990). For the alulation of the Eady index in pressure
oordinates the mean temperature TM and pressure pM as well as the potential tempera-
ture gradient and the vertial shear have been alulated between 200 and 850 hPa from
the ECMWF analyses.
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Figure 5.7: Longitude-height ross setion
of temperature omponent (K) of the leading
initial SV targeted on Tokage averaged for the
subtropis (blak) between 0
◦
- 20
◦
N (14 - 16
Otober) and between 5
◦
- 25
◦
N (17, 18 Oto-
ber) and between 20
◦
- 40
◦
N (14 - 16 Otober)
and for the midlatitudes (green) between 25
◦
-
45
◦
N (17, 18 Otober) for 14 (a), 15 (b), 16 (),
17 (d) and 18 (e) Otober (reurvature: 19 O-
tober 00 UTC). Tokage's longitudinal position
is marked by a red line.
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It would be expeted that SVs are situated in regions of strong vertial wind shear
whih is neessary for PV unshielding as explained above. The Eady index yields an
appropriate means to determine to whih extent the SVs reat on barolini instability
and whih part an be attributed to instability mehanisms like inertial instability and
barotropi instability assoiated with the TC. In Fig. 5.8 the Eady index is shown from
14 - 18 Otober together with the sum of total dry energy (Eq. 3.21) of the 5 SVs targeted
on Tokage weighted with their respetive singular values integrated over 1000 - 200 hPa
(
∑
5
i=1
∫
(total energy SVi)dp) and the geopotential height on 200 hPa.
Loal maxima of barolini growth rate an be found in the jet a fat that is implied
by the highest vertial shear. It is obvious that from 14 to 16 Otober (Figs. 5.8 a,
b, ) the total energy of SV1 - SV5 is mainly distributed around Tokage indiating that
unertainties in its environment through inertial or barotropi instability have muh more
inuene on Tokage's development than the barolini instability in the midlatitudes. The
parts in the midlatitudes are just upstream of the maxima of the Eady index as found
in the statistis of Buizza and Palmer (1995). Perturbations in this unstable region an
inuene the TC motion as they are designed to grow optimally in the region around
Tokage in the two following days. On 17 and 18 Otober (Figs. 5.8 d, e) the highest
amplitudes of the SVs in the midlatitudes are onneted to the relatively high Eady index
indiating that the growing instabilities are driven by barolini energy onversion. On
17 Otober a loal maxima of the SVs is still seen around Tokage while on 18 Otober
the SVs are almost only onned to the midlatitudes. Rather distint maxima in the total
energy an be seen downstream of Tokage as well. They are almost ompletely determined
by the low level temperature omponent (Fig. 5.3 f) and the logarithm of the mean sea
level pressure in Eq. (3.21) and an be explained through the inuene of the subtropial
high pressure system that inuenes Tokage's motion.
The struture of the total energy from SV1 - 5 onrms the behavior explained in pre-
vious setions that well before reurvature the SVs are rather assoiated with instabilities
(inertial, barotropi) due to the properties of the tropial ylone. The parts in the mid-
latitudes are assoiated with barolini instability indiated by the Eady index and with
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the inuene of the upstream trough on the TC motion, i. e. reurvature. As the time
of reurvature approahes the main part of the strutures is assoiated with barolini
instability in the midlatitudes. As the strutures of the sum of the integrated total energy
over SV1 - 5 is similar to just the temperature omponent of SV1, it is demonstrated that
the temperature omponent of the leading SV shown in setions 5.2.1 and 5.2.3 yields a
lot of information about the regions of largest possible error growth in our ase and that
the available potential energy plays a larger role for initial SVs than the kineti energy.
5.3 Inuene of targeted perturbations
In this setion the impat of inluding the additional SVs targeted on Tokage in the
alulation of the initial perturbations is examined. Ensemble runs with and without the
additional initial SVs are investigated using the measures of spread desribed in setion
5.1. In the following the runs with the additional initial perturbations targeted on Tokage
will be referred to as Pert and the runs without the additional initial perturbations
as Nopert. The perturbation of parametrized tendenies during the model run through
stohasti physis was swithed o.
5.3.1 Eet on traks
In Fig. 5.9 the ensemble trak foreast for Tokage from FCST1 based on the entral mean
sea level pressure is shown for Pert (Fig. 5.9 a) and Nopert (Fig. 5.9 b). For omparison
the analysis (blak line with irles), the deterministi foreast (blak line with triangles)
and the best trak (blak line with rosses) is presented.
The best trak is a subjetiv representation of a tropial ylone's loation and intensity
over its lifetime evaluated by operational foreasters. Best trak positions and intensities
are based on a post-storm assessment of all available data (NHC, 2006). Hene, the best
trak an be seen as the best estimate of the trak that an be obtained.
A distint dierene between the two runs an be seen around the reurvature time
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Figure 5.8: Total dry energy integrated from
850 - 200 hPa added for SV1 - 5, that have
been weighted with their singular value (blak
ontours, interval: 0.3). Times as in Fig. 5.7.
Geopotential at 200 hPa (blue ontours). Dis-
tribution of Eady index (shaded). Tokage is
marked by a blak dot.
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(60 h after initialization). In Pert (Fig. 5.9 a) the loations of the ensemble members
extend over more than 500 km and both the analysis, orresponding well to the best trak
at this time, and the deterministi foreast lie lose to the edge of but fall within the
ensemble traks. In the ase of Nopert (Fig. 5.9 b) the deterministi foreast lies at the
edge of the ensemble traks and the analysis even outside for 48 h and 60 h foreast lead
time. The spatial separation of the ensemble members has dereased to about 200 km. As
the analysis lies outside of the ensemble members the smaller spread in Nopert around
the reurvature annot be attributed to higher preditability. Thus, the unertainty is
underrepresented here.
Close to ET time (the line of analysis and best trak are dashed after ET-time) in Nopert
(Fig. 5.9 b) the analysis and the best trak are in the viinity of the three southernmost
ensemble members and apart from the main group that follows the deterministi foreast.
After ET they lie in the gap between the southerly and the main group of the ensemble
members suh that no member overlaps with the analysis or with the best trak. In Pert
(Fig. 5.9 a) several members overlap with analysis and best trak around ET-time and a
few more members an be found south of analysis and best trak. No lear gap an be
seen in Pert. Thus, the overage of the area around the analysis by the ensemble members
is better than in Nopert.
As the distribution of the positions of Tokage foreast by the ensemble for one individual
time annot be reognized well in the trak plots beause several traks over eah other
the positions are shown at the analyzed ET time only (bottom right orner of Figs. 5.9
a, b). The analysis, the best trak and the deterministi foreast are only shown until ET
time. In Pert a larger number of possible ET positions are shown. In more members the
storm moves more slowly than in the analysis and thus is situated over southern Japan
at ET time. More members than in Nopert are distributed around the analysis and best
trak. In Nopert a big part of the foreast positions of Tokage are onstrained around
a region north of the analysis and the best trak and hene a quite high probability
is assigned to erroneous position foreasts. Even though in Pert a lot of the foreasts,
espeially those showing the slow TC motion, are far away from the truth, the broad
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a)
b)
Figure 5.9: Traks for Tokage based on loation of minimum sea level pressure for the runs with (a)
and without (b) targeted perturbations on the TC. ECMWF analysis (blak line with irles), best trak
(blak line with rosses), deterministi foreast (blak line with triangles) and ensemble foreast (olors)
from FCST1 for 7 days. Analysis dashed after ET. Right lower orner: Positions of the ensemble members
at ET time (purple x), analysis, best trak and deterministi foreast only shown until ET time.
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distribution of probable positions indiates that the foreast is unertain. The analyzed
position of Tokage is reeted neither in Pert nor in Nopert but in Pert more members
show the TC around the position that is assumed to be real, i. e. the position shown by
the best trak.
It is seen that the SVs targeted on Tokage have an inuene on the trak spread.
Through their rather large sales they perturb the broad strutures and the environment
around the TC that are resolved suiently by the global model for it to have some skill
in foreasting TC traks.
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Figure 5.10: Analysis (blak line with irles), best trak (red line), deterministi foreast (blak
line with triangles) and ensemble foreast (olors) of the entral mean sea level pressure of Tokage from
FCST1 for the runs with (a) and without (b) targeted perturbations on the TC.
The ensemble foreast of Pert and Nopert is further examined with regard to its apa-
bility to represent the entral mean sea level pressure (Fig. 5.10). The resolution of the
operational model that has been used to alulate the deterministi foreast is twie as
high as that of the ensemble. Therefore the ensemble is expeted to show muh weaker
entral pressure values than the deterministi foreast for Tokage in the stage when it is
still a tropial ylone. Moreover, it is not surprising that the best trak entral pressure
lies far from the analysis sine global models like the IFS do not have adequate resolution
to represent the inner ores of tropial ylones aurately. However, both analysis and
best trak show a steep inrease of entral mean sea level pressure from 20 Otober 00
UTC to 20 Otober 12 UTC. Between these two times Tokage made landfall and weak-
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ened onsiderably. From 20 Otober 12 UTC analysis and best trak lie lose together in
terms of entral mean sea level pressure. Shortly after initialization time the spread of
entral pressure in Nopert (Fig. 5.10 b) is muh smaller than in Pert (Fig. 5.10 a) where
a noteable spread an be seen already at short foreast times.
Both in Pert and Nopert most of the ensemble members show a weakening around
84 - 108 h and re-intensiation around 120 - 144 h foreast lead time but of dierent
magnitude. During reurvature (48 h - 72 h) the spread is larger in Pert. In partiular,
the weak pressures around 980 hPa are not shown in Nopert. For the trak foreast the
analysis lies outside of the ensemble members in Nopert shortly after reurvature at 84
h while in Pert there are several members that are weaker than the analysis or overlap
with it. Some members show a weakening about 12 to 24 hours later than the analysis
but only two of them reah the high pressure values seen in the analysis and in the
best trak. However, the reason for the weakening of these members does not lie in the
landfall but in an unfavorable position, i. e. they lie too far south of the TC relative to
the midlatitude trough. Only one member of Pert (purple) shows the weakening after
landfall orresponding to the analysis of Tokage with a delay of about 24 h. It reahes
the pressure value of the analysis after 132 hours foreast time and re-intensies strongly
after a further 24 hours.
Several of the members in Pert and Nopert that show deeper pressure values weaken
slightly after landfall as well, but their entral pressures remain too deep and the systems
subsequently re-intensify strongly. Most of the members in Nopert show even lower pres-
sures than the deterministi foreast. A lot of members show a weakening in Nopert with
subsequent re-intensiation but the weakest value is about 980 hPa while in the analysis
Tokage has weakened to about 990 hPa.
These results an be related to the ndings of Puri et al. (2001) who showed that the
use of SVs in the tropis leads to an overall weakening of the ylone in the sense that the
ensemble mean foreast has higher pressure than the ontrol ensemble foreast in their
two Pai and Atlanti ases. Nevertheless, all but one of the Pert ensemble runs fail to
reet the weakening of Tokage after landfall suiently.
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5.3.2 Eet on the amount of spread
The spread in the ensemble foreast from 16 Otober 2004 12 UTC in terms of the
RMSD has been ompared to the average RMSE between the ensemble members and the
analysis in Pert and Nopert runs to get information about where the spread is represented
orretly or where it is under- or even overestimated. In Fig. 5.11 the dierene between
the RMSE and the RMSD at 200 hPa for the geopotential height is shown. The unertainty
is optimally represented in the ensemble if the RMSD is equal to the RMSE. The areas
in that the dierene between RMSE and RMSD is between -10 and 10 m (Fig. 5.11),
are designated as areas in whih the spread is well represented. For better omparison the
sizes of the areas of well represented spread in Nopert are visualized in the plot for Pert
by blak lines (Fig. 5.11 a).
It an be seen that between 19 Otober 00 UTC in some regions and 21 Otober 00 UTC
in others the dark olored areas with negative values begin to grow markedly. Here the
RMSE beomes higher than the spread. These time periods are approximately onsistent
with the results of Buizza et al. (2004) who found that the three major operational
ensemble predition systems ECMWF, the National Centers for Environmental Predition
(NCEP) and the Meteorologial Servie of Canada (MSC) exhibit a lak of spread after
about 5 days foreast lead time. However, in Pert (Fig. 5.11 a) two plumes in whih
the spread is well represented an be found downstream of the ET of Tokage expanding
from about 150
◦
E to 180
◦
and from 170
◦
W to about 160
◦
W at 21 Otober 00 UTC
and strething downstream with foreast time. In ontrast, the plume loated diretly
downstream of the ET event in Nopert is narrower and the spread is well represented
only only from 21 Otober 12 UTC (Fig. 5.11 b).
The rst plume diretly downstream of Tokage is assoiated with the representation
of the trough downstream of Tokage. If the analysis lies at the edge of the ensemble
the RMSE is higher than if it lies lose to the ensemble mean. Analogous, if the ontrol
foreast lies at the edge of the ensemble the RMSD is higher than if it lies lose to the
ensemble mean. Hene, if the ontrol foreast lies lose to the mean and the analysis at
the edge, in other words, if the whole ensemble lies farther from the analysis, the spread is
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underrepresented. This is the ase in Nopert in the trough downstream of Tokage at ET
time as found examining spaghetti plots (not shown). Here the ensemble members show
distint ridges and almost no trough. In Pert both the analysis and the ontrol foreast
lie lose to the mean in the downstream trough at ET time. Here some members show
distint troughs and ridges. Therefore, the region downstream of ET at 21 September 00
UTC (Fig. 5.11) in whih the spread is well represented is larger in Pert than in Nopert.
a) b)
Figure 5.11: Hovmoeller plot of the dierene RMSD  RMSE of the geopotential height (m) at 200
hPa within the ensemble runs for Pert (a) and Nopert (b) averaged between 30
◦
 60
◦
N. 10-day foreast
from FCST1. TC positions are marked by blak dots. The isolines that dene the regions in whih the
spread is well represented in Nopert (b) are marked by blak lines (-10: dashed, 10: solid) in (a).
Both in Pert (Fig. 5.11 a) and in Nopert (Fig. 5.11 b) negative values an be seen
around the TC position from 21 Otober 00 UTC but in Pert the TC lies rather at the
edge while in Nopert the TC is loated well within these negative values. The fat that
in Pert the spread represents the unertainty in the trough downstream of the ET event
orretly in a relatively large area ompared to Nopert an be seen as an improvement in
the ensemble foreast around ET time through the perturbations targeted on Tokage.
Comparing the regions in of well represented spread of Nopert marked by blak lines
with those of Pert (Fig. 5.11 a) it is interesting that until 22 Otober 12 UTC the plume
diretly downstream of Tokage is broader in Pert than in Nopert while the seond plume
further downstream is almost equally broad in Nopert than in Pert. From about 23 Oto-
ber 00 UTC the situation is reversed. In the seond plume further downstream the plume
of values lose to zero or positive values is larger in Pert than in Nopert while in the
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rst plume the regions of well represented spread are almost equally broad in Pert and in
Nopert. This suggests that the better representation of the spread through the targeted
SVs propagates downstream with about 25
◦
per day. This orresponds approximately to
the results of Szunyogh et al. (2002) who found a propagation of the signal due to targeted
observations with dropsonde data of 30
◦
per day.
Note that the improved representation of spread due to the targeted perturbations
an only be seen through the dierene between Pert and Nopert. The two plumes of well
represented spread downstream of Tokage's ET whih are present in Nopert as well annot
be attributed to the better representation of spread due to the targeted perturbations.
Information about the dispersion and downstream propagation of the hanges in spread
due to the targeted perturbations an be obtained by omparing the RMSD of Pert with
the RMSD of Nopert. This dierene an be referred to as signal of the additional targeted
perturbations. Using the RMSD as measure of spread instead of, for example, the standard
deviation has the advantage that only the dierenes in the perturbed ensemble members
are ompared as the same ontrol foreast is used in eah ase. If the STD would be used
there would be an additional signal due to the dierenes in the ensemble means.
The results are presented at 200 hPa (Fig. 5.12, left) and 500 hPa (Fig. 5.12, right)
together with the geopotential height of the ontrol foreast at these levels. Additionally
the Eady index is presented at 200 hPa to get information about the oinidene of
regions of high barolini instability with the growth of the signal. The analyzed position
of Tokage is shown by a blak hurriane symbol.
Two days before Tokage underwent ET the typhoon an be seen at about 130
◦
E and
25
◦
N (Fig. 5.12 a, b). At this foreast time a small-sale positive signal is loated around
it and a larger one north of it in the midlatitudes at 200 hPa (Fig. 5.12 a) indiating
higher spread in Pert. At 500 hPa (Fig. 5.12 b) a signal of higher positive values than
at 200 hPa an be found around Tokage. A notieable dierene between the 200 hPa
and 500 hPa level is that in the latter the signal is onstrained around the TC before ET
time (Fig. 5.12 b, d) while the larger part in sale and value in the former (Fig. 5.12 a,
) an be found in the midlatitudes north and downstream of the TC from 2 days before
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a) b)
) d)
e) f)
g) h)
Figure 5.12: RMSD dierene of the geopotential height (m) at 200 hPa (a, , e, g) and 500 hPa (b,
d, f, h) between the ensemble foreasts from FCST1 with and without targeted perturbations on Tokage
(shaded). Foreasts for 48 hours prior to ET (a,b), for 24 hours (,d) prior to ET, for ET (e,f) and for 24
hours after ET (g,h). ECMWF ontrol foreast of geopotential height (blak ontours). Eady index (blue
ontours, values ≥ 0.6, interval: 0.4).
ET already. Moreover, the signal at 500 hPa does not seem to grow neither in amplitude
nor in sale until ET time. In ontrast, strong growth of the signal at 200 hPa in the
midlatitudes an be seen diretly upstream of a maximum of the Eady index.
This may be understood onsidering that the major parts of the initial midlatitude SVs
were loated at 500 hPa (setion 5.2). From there, the energy of extratropial SVs propa-
gates upwards in the atmosphere when the initially upshear tilted SVs are untilted (Buizza
and Palmer, 1995; Badger and Hoskins, 2000; Reynolds et al., 2001) as explained in se-
tion 5.2. Around the TC itself the initial SVs were higher up in the atmosphere. Badger
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and Hoskins (2000) showed in their investigation of barolini growth mehanisms that
perturbations in the upper troposphere do not have a strong eet on perturbation growth
further downwards. In ontrast, perturbations in the lower or midtroposphere strongly in-
uene perturbation growth further upwards. Therefore, in the midlatitudes strong growth
of the spread in sale and amplitude is found for Pert in the upper troposphere and not
so muh around the TC at 500 hPa and 200 hPa. Both the signals at 200 hPa and 500
hPa propagate downstream in the midlatitudes. It is supposed that through the lose
onnetion between the proesses in the inner ore of a TC and its outow disturbanes
in the ore (Fig. 5.12 b, d) lead to disturbanes in the outow.
The evolution from 2 days to 1 day before ET at 200 hPa (Fig. 5.12 a, ) follows that
disussed in setion 2.3.3. It is hypothesized that the advetion of potential temperature
due to the antiyloni irulation in the outow of Tokage has steepened the ridge and
it is adveted downstream by the high upper level wind speeds. This leads to a shift of
the antiyloni part relative to the yloni part of the irulation of the TC. The signal
is adveted with the outow. Through the northerly winds at the east of the outow the
downstream trough deepens and nally a ut-o low is formed. The signal seems to have
propagated from the outow into that ut-o low in whih the signal remains stationary
from ET time until at least 24 hours thereafter (Fig. 5.12 e, g). The southerly ow both
at the west of the outow and the east of the yloni irulation assoiated with the ore
of the TC at to steepen the ridge.
From ET time on the signal in the ut-o low grows markedly at 500 hPa as well (Fig.
5.12 f, h). Suh a shift in time between the propagation of the signal at higher and lower
levels has been found by Szunyogh et al. (2002) as well. The surfae signal of their targeted
observations followed the 300 hPa signal with 12 - 24 h delay.
The small sale signal around the TC at 200 hPa (Fig. 5.12 e near 125
◦
E and 35
◦
N) starts to grow strongly as soon as it interats with the barolini zone. This might
be attributed to the growth of unertainties due to the unshielding of the typhoon's PV
through the high vertial gradient of horizontal wind. At ET time the inrease in spread in
Pert ompared to Nopert at 200 hPa (Fig. 5.12 e) exeeds the values seen at 500 hPa (Fig.
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5.12 f). Two smaller-sale positive signals an be seen in the upstream and downstream
trough of the trough-ridge-trough pattern assoiated with the ET of Tokage and a larger-
sale positive signal is loated at the rest of the ridge at 200 hPa. At 500 hPa all the
signals are of smaller sale with one small negative region. From 24 hours after ET the
negative values at 200 hPa and 500 hPa grow (Fig. 5.12 g, h).
Examining the spaghetti plots (Fig. 5.13) of Pert (blue) and Nopert (red) provides the
information that the negative signals an be explained in parts by a shift of the regions
of high variability in the ensemble members. At 24 hours after ET the negative signal
diretly east of Japan at 200 hPa (Fig. 5.12 g) is due to the further eastward position of
one of the loations of high variability in the Nopert (red) members (Fig. 5.13 a). Around
150
◦
 160
◦
E some Nopert members an be seen on the southern side of the members
further south east than the Pert members. West of Japan some blue members are loated
further to the west than all of the red members. Hene, the region of high variability in
Nopert is shifted to the east relative to that of Pert leading to the positive signal west of
Japan and the negative signal east of Japan (Fig. 5.12 g).
This shift an be seen more learly in the region of larger negative and positive signals
between 160
◦
E and 180
◦
(Fig. 5.13 a). A lot of red members are situated north of 60
◦
N desribing higher amplitude ridges where only three of the blue members are found. In
ontrast, there are several blue members around 50
◦
N and further south forming deeper
troughs. Here no red member is seen. Consequently, the high variability of Pert is shifted
south relative to the high variability in Nopert. Comparing the ensemble means of Pert
(blak, solid line) and Nopert (blak, dashed line) onrmes both the east-west shift to
the west of Japan and the north-south shift between 160
◦
E and 180
◦
.
At 500 hPa (Fig. 5.13 b) the shift lies rather in the transition from the upstream trough
to the ridge that is assoiated with high variability in the ensemble members between 140
◦
and 165
◦
E. The Pert members are loated further to the west. A lot of them are seen
between 140
◦
and 150
◦
E. No Nopert member is seen in the area north of 45
◦
N and
west of 148
◦
E. This is where the small region of positive values is seen in Fig. 5.12 h.
Again the trough-ridge pattern in the red members reahes 160
◦
E earlier than the blue
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members. The ensemble means demonstrate the shift as well. It is obvious, however, that
the positive signals over a larger area and the values are higher than the negative values.
Hene, the shift is responsible for the higher spread in Pert only in relatively small parts.
a) b)
Figure 5.13: Spaghetti plots of the 1150 gdam geopotential height at 200 hPa (a) and the 545 gdam
geopotential height at 500 hPa (b) of the ensemble foreasts from FCST1 for Pert (blue) and Nopert (red)
targeted perturbations on Tokage (shaded) for 24 hours after ET (orresponding to the time of Figs. 5.12
g, h). Ensemble mean of Pert (blak, solid) and Nopert (blak, dashed).
Comparing the loations of the large regions of positive values in Fig. 5.12 from ET time
on with the regions of well represented spread in the dierene of spread and RMSE (Fig.
5.11) illustrates that the perturbations targeted on Tokage are responsible for the orret
representation of the spread in this region. Furthermore, the higher spread in the runs
with Tokage perturbations and its downstream propagation illustrates that unertainties
indued by an ET event an redue the preditability in the viinity of the event and far
downstream.
It is obvious that the leading edge of the signal propagates with a speed of over 20
◦
per day to the east whih is a bit slower than the signal propagation of 30
◦
day found by
Szunyogh et al. (2002).
It is a fundamental property of waves that they transport energy over long distanes
ompared to the displaement of the individual uid partiles and hene an ause dis-
turbanes far downstream of the region where the initial perturbations were introdued.
The amplitude of the envelope of a wave paket determines where there is wave energy
(Pedlosky, 1987). The farthest loation to where the signal an propagate is the leading
edge of the wave paket. In other words the signal an travel with the group veloity. The
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leading edge of the wave paket is also the most likely loation of downstream ylogenesis
(Szunyogh et al., 2002).
The group veloity of the Rossby-wave-train exited by Tokage's ET and its oherene
with the propagation speed of the perturbations is illustrated with the aid of Hovmoeller-
plots. The development of the same signal between the RMSD of Pert and the RMSD of
Nopert as shown in Fig. 5.12 during 10 days is visualized at 200 hPa and 500 hPa averaged
over 30 - 60
◦
N (Fig. 5.14). In addition, the analyzed meridional wind omponent whih
indiates the exitation and propagation of the Rossby-wave-train is presented.
The ridge steepening from 20 Otober 00 UTC assoiated with the outow of Tokage
at 200 hPa an be seen by the dipole in the meridional wind omponent at 125  170
◦
E in the Hovmoeller plot (Fig. 5.14 a). The positive values assoiated with southerly
winds an be seen slightly further east at 500 hPa (Fig. 5.14 b) indiating a developing
system. The alternating positive and negative values of the meridional wind omponent
illustrate a downstream propagating Rossby wave (marked by a blue dashed line). To the
east of Tokage's ET a preexisting wave an be seen but learly the wave emanating from
the dipole did not exist before. This suggests that it was exited by Tokage's ET even
though the downstream propagating of the wave starts only 3 days after the ET.
a) b)
Figure 5.14: Hovmoeller plot of RMSD dierene of the geopotential height between the ensemble
runs with and without targeted perturbations on Tokage (shaded, m) and analyzed meridional wind
omponent (ontours, ms
−1
) at 200 hPa (a) and 500 hPa (b) averaged between 30
◦
 60
◦
N. 10-day
foreast from FCST1. ET position is marked by a blak dot.
128 5.3. Inuene of targeted perturbations
The regions of high unertainty loated upstream at about 125
◦
E and downstream
of the ET of Tokage from about 150  160
◦
E at 200 hPa (Fig. 5.14 a) are assoiated
with the upstream trough and the ridge diretly downstream of the ET system (see Fig.
5.12 e). The unertainty propagates downstream with inreasing foreast time. The weak
signal in the upstream trough an be seen from 00 UTC 21 until 00 UTC 22 Otober.
Subsequently, the signal in the ridge grows, broadens and travels with the ridge to the
east. From about 23 Otober the signal remains stationary around the ut-o low at about
180
◦
for two days and beomes narrower again. At 24 Otober 00 UTC, i. e. 2 days after
the time shown in Fig. 5.11 g and h, it is assoiated with the trough downstream of the
ridge. At the end of the foreast interval a positive signal is loated in the downstream
trough that has traveled to 120
◦
W.
The propagation of the signal with the Rossby-wave-train an be seen even more learly
at 500 hPa (Fig. 5.14 b). The unertainty is assoiated with the same features as at 200
hPa, the trough-ridge-trough, however, is shifted to the east ompared with 200 hPa whih
is a neessary ondition for growing barolini disturbanes. The signal is assoiated with
the interation of Tokage with the midlatitudes rst, than it travels downstream into
the unertainty assoiated with the downstream ridge and nally it an be found in the
trough downstream of the ridge analogous to 200 hPa. For this longer time interval of 10
days this would again result in an average propagation speed of over 20
◦
per day both
at 200 hPa and at 500 hPa as seen in Fig. 5.12. The phase veloity of the Rossby wave
an be estimated to be about 10
◦
per day. The signal between Pert and Nopert seem to
propagate at the leading edge of the wave paket onrming the results of Szunyogh et al.
(2002). The negative signals downstream of the positive ones result mainly from a shift
of the ensemble mean of Pert to the west versus the ensemble mean of Nopert as seen
earlier.
The growth and downstream propagation of the perturbations that have been alulated
for the optimization region around Tokage illustrates the possible impat of foreast errors
growing during ET. They an redue the preditability over an entire oean basin up to
the west oast of the next ontinent.
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5.3.3 Response on Clustering
The regions of higher spread in Pert ompared to Nopert have been investigated with the
analysis method desribed in setion 4.3 to get information about the synopti develop-
ment and to see if the dierenes between Pert and Nopert desribed above are manifested
in the lustering.
The EOF patterns in Pert (Figs. 5.15 a, b) show the highest variability in the amplitude
pattern while in Nopert (Figs. 5.15 , d) the highest perentage of the total variability
is explained by the shift pattern (Table 5.1). The large minimum and maximum of the
variability at the front and the rear of the ridge in EOF1 of Nopert (Fig. 5.15 ) are shifted
upstream in Pert (Fig. 5.15 a) suh that they are loated at the rest of the ridge and in
the upstream trough with a small additional minimum in the downstream trough. That
orresponds to the upstream shift of the unertainty in Pert versus Nopert that aused
the negative values in Fig. 5.12. The variability patterns in EOF2 have smaller sales both
for Pert and Nopert. If the signs of EOF2 of Nopert are exhanged, the enters of ation
for EOF2 in Pert are shifted upstream of those in Nopert also. The enter of ation at the
rest of the ridge in Nopert an be seen to the west of the ridge in Pert while the enter
of ation in the downstream trough in Nopert seems to be shifted to the east of the ridge
in Pert.
Grouping the ensemble members aording to their ontribution to the rst two EOFs,
four lusters are obtained in Pert and only three in Nopert. Two of the Pert lusters are
shown in Figs. 5.16 a, b and two of the Nopert lusters in Figs. 5.16 , d for 21 Otober
12 UTC (12 hours after ET). The two lusters of Pert that ontribute positively to the
amplitude pattern are very similar to two of the Nopert lusters that ontribute positively
and neutrally to the amplitude pattern. However, in the Pert lusters the entral pressures
vary more. While in Nopert the minimum values are about the same, in Pert one of the
lusters shows a 10 hPa higher (Figs. 5.16 a, ) and the other one a 5 hPa lower (Figs. 5.16
b, d) entral mean sea level pressure than the respetive most similar Nopert luster. In
the lusters that ontribute positively to the shift pattern (Figs. 5.16 a, ) the ET system
has developed quikly and the entral mean sea level pressure is further to the east than
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Figure 5.15: Ensemblemean of potential temperature on the dynami tropopause (shaded, K) for
Pert (top) and Nopert (bottom) for the foreast from FCST1. EOF1 (a, ) and EOF2 (b, d) are shown
in ontours at an interval of 3.0 K. The perentage of their ontribution to the total variability is marked
in white in the top left orner.
in the lusters that ontribute neutrally (Fig. 5.16 b) or negatively (Fig. 5.16 d) to the
shift pattern.
All the lusters in Fig. 5.16 ontribute positively or neutrally to the amplitude pattern
leading to high ridges and deep downstream troughs that developed to ut-o lows. The
lusters that ontribute neutrally (Fig. 5.16 b) or negatively (Fig. 5.16 d) to the shift
pattern form a sharp upstream trough that wraps up ylonially (Thornroft et al.,
1993) leading to strong re-intensiations of the ET systems. In eah of the lusters in
Fig. 5.16 Tokage re-intensies strongly.
In Fig. 5.17 lusters of Pert and Nopert that ontribute negatively to the amplitude
pattern are shown. Fig. 5.17 a shows a rather zonal development in the midlatitudes
polewards of the Ex-TC and no re-intensiation. The downstream trough is weaker and
broader and no ut-o low is seen. In this luster the position of the TC is too far south
5.3. Inuene of targeted perturbations 131
a) b)shift + amp + shift o amp +
) d)shift + amp o shift - amp +
Figure 5.16: 2 of 4 lusters for Tokage in Pert (a, b) and Nopert (, d) for the ensemble foreast from
FCST1 valid on 21 September 12 UTC, i. e. 12 hours after the investigation time.
of the midlatitude trough upstream, a position that is not favorable for re-intensiation.
The luster in Fig. 5.17 b ontributes negatively to the shift pattern. This results in an
ET system that is rather in an earlier stage than the ensemble mean but will re-intensify
strongly. The midlatitude ow pattern in the Nopert luster (Fig. 5.17 ) is of higher
amplitude than that in the Pert luster that ontributes positively to the shift pattern
(Fig. 5.17 a) but not as high as that in the Pert luster ontributing negatively to the shift
pattern (Fig. 5.17 b). The downstream trough is almost as weak as in the Pert luster
in Fig. 5.17 a. Furthermore the entral mean sea level pressure in the Nopert luster is
about 10 hPa deeper than in the weakest Pert luster (Fig. 5.17 a).
Comparing the lusters in Figs. 5.16 and 5.17 to the analysis of Tokage (Fig. 4.2) the
impression is obtained that the analyzed struture of the midlatitude ow is most similar
to the luster in Fig. 5.16 a but the intensity of the entral mean sea level pressure is in
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between the lusters in Figs. 5.17 a and b. The important dierene between the weakest
Pert luster (Fig. 5.17 a) and the analysis is that the weak entral pressure in the luster
does not result from the landfall as in the analysis but from the unfavorable relative
positions of the TC and the midlatitude trough. All the lusters without the additional
targeted perturbations around Tokage represent the ET system stronger than the analysis
in agreement with the results of setion 5.3.1.
a) b)shift + amp - shift - amp -
) shift - amp -
Figure 5.17: Third (a) and forth (b) lus-
ter of Pert and third luster () of Nopert for
Tokage for the ensemble foreast from FCST1
valid on 21 September 12 UTC, i. e. 12 hours
after the investigation time.
The omparison of the experiments, in whih additional perturbations around Tokage
were not alulated, with the experiments with Tokage perturbations illustrates that the
targeted perturbations are essential in representing the spread diretly downstream or-
retly. Even though the abrupt lling of Tokage after landfall ould neither be aptured
by the ensemble with nor by the ensemble without Tokage perturbations, the targeted
perturbations yield a higher amount of possible ET senarios that aounts for the un-
ertainty assoiated with the ET of Tokage. The ensemble foreast without the targeted
perturbations would assign a too high probability to a wrong atmospheri development.
The weakening of Tokage is enompassed in the runs even though it is due to the unfa-
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vorable position of Tokage relative to the upstream trough and not due to landfall. The
higher spread due to the targeted SVs propagates downstream faster than the phase of
the trough-ridge-trough pattern illustrating the inuene of foreast errors due to an ET
on the preditability in regions far downstream.
The lustering method is apable of identifying a group of weaker members in the Pert
runs that is essential in inluding the omparatively weak development of the analysis in
the ensemble.
5.4 Inuene of stohasti physis
In this setion the impat of the perturbations of the parameterized tendenies through
stohasti physis on the ensemble spread during the model run is investigated. In the
following the runs with and without stohasti physis are referred to as Sto and Nosto
respetively. For the purpose of isolating the inuene of the stohasti physis on the en-
semble run, the optimization region around Tokage, on whih the additional perturbations
are targeted, is swithed o as in Nopert.
5.4.1 Eet on traks
The ensemble trak foreast, the analysis, the deterministi foreast and the best trak
have been investigated as in setion 5.3.1. It was found that the trak foreast in the
Nopert/Sto runs (Fig. 5.18) showed slightly higher spread around the reurvature than
Nopert/Nosto suh that the analyzed trak was at the edge of the ensemble traks or
slightly outside only at 60 h foreast lead time. In the Nopert/Nosto runs the analysis
laid outside of the spread for the foreast lead times 48 h and 60 h (Fig. 5.9 b). Around ET
time both runs yield quite similar trak foreasts. Still a gap omparable to Nopert/Nosto
an be seen after the analyzed ET. The analysis and the best trak are loated in this
gap from 12 hours after ET.
At later foreast times (156 h - 168 h) the ensemble members are more widely distributed
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than in Nopert/Nosto and also than in Pert/Nosto (Fig. 5.9). A lot of ensemble members
foreast a more north-south trak of Tokage from 144 hours foreast time resulting in an
interation with the midlatitude ow west of the Kamhatka peninsula in ontrast to the
rather southwest-northeast traks in Pert/Nosto and Nopert/Nosto. In fat, the most of
the traks are west of the deterministi foreast assigning a high probability to a north-
south trak of Tokage. However, slightly more members an be seen south of the analysis
as well and hene, through the stohasti physis, a higher probability is assigned to the
typhoon moving into this more southern region.
Consequently, the range of probable traks foreast by the ensemble runs with the
stohasti physis diverge further from eah other than the Nosto runs at the end of the
foreast interval. Thus Nopert/Sto aounts suiently for the high unertainty but more
weight is given to the erroneous development west of the deterministi foreast than in
the Nosto runs.
Inspeting the foreast positions of Nopert/Sto for the analyzed ET time (bottom right
orner of Fig. 5.18) it is found that they are more widely distributed than in Nopert/Nosto,
i. e. more positions are foreast further to the west, and two members foreast the position
very lose to the analyzed position at ET time. However, less members than in Pert/Nosto
foreast Tokage to the south of the analysis and the positions foreast by the very slow
members that are loated above Kyushu in Pert/Nosto are not seen in Nopert/Sto. Hene,
less emphasis is laid on the analyzed trak than in Pert/Nosto.
Thus, the runs with stohasti physis yield a slightly better agreement with the anal-
ysis and the best trak at reurvature. Furthermore, the stohasti physis is mainly
responsible for enhaning the spread at later foreast times, i. e. it aounts for the un-
ertainty after long times. However, the runs with the stohasti physis put too muh
emphasis on the wrong traks and the unertainty both around the reurvature and the
ET is still underrepresented. Consequently, the stohasti physis alone annot aount
for the unertainties assoiated with the ET of Tokage.
Comparing the spread in terms of entral mean sea level pressure for Sto and Nosto
the rapid inrease of spread lose to initialization time in Nopert/Sto (Fig. 5.19) attrats
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Figure 5.18: Same as Fig. 5.10 b but for the runs with stohasti physis.
attention. Around 48 to 84 h foreast lead time the spread in the entral mean sea level
pressure for Nopert/Sto is higher than for Pert/Nosto (Fig. 5.10 a). However, only two of
the members in Nopert/Sto (Fig. 5.19, thin blak lines) show a weakening to the pressure
values of the analyzed Tokage with a delay of about 12 hours. The weakening an be
attributed to landfall for only one of them. The other one has a trak too far south of the
strong midlatitude tropopause potential temperature gradient in an unfavorable position
for an interation. A third member (purple) shows a weakening of the system almost to
the entral pressure values of the analysis after 144 hours foreast time with a strong re-
intensiation thereafter. This member weakens due to the landfall as well and develops
in a quite similar manner to the analysis. While in the Pert/Nosto runs several members
have entral mean sea level pressure values between 980 and 990 hPa between 108 and
120 hours, all but three members in Nopert/Sto stay below 980 hPa entral mean sea
level pressure until 156 hours foreast lead time.
The inrease of the spread in the entral mean sea level pressure of the ensemble mem-
bers for shorter foreast times and our results for the trak foreasts of Nopert/Sto agrees
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with the onlusions of Puri et al. (2001) who found that stohasti physis leads to a
smaller spread in the TC traks than targeted initial perturbations but to a muh larger
spread in the entral pressures also at shorter foreast times. As stated for the targeted
perturbations (setion 5.3.1) the explanation lies in the sales. The targeted singular ve-
tors have larger sale strutures (ompare setion 5.2.1) and thus they inuene the traks.
The stohasti physis at on the smaller sale features like onvetion and thus have an
impat on the entral pressure. Puri et al. (2001) attribute large variation in the en-
tral pressures to the onvetive foring in the stohasti physis. They ran the EPS with
and without the onvetive foring inluded in the stohasti physis and found that the
spread in the entral pressures without the onvetive foring resembled the runs without
stohasti physis. Therefore, most of the variation seems to be due to perturbations in
the temperature and moisture eld.
However, in the ase of Tokage after ET a shift of the entral mean sea level pressure
to deeper values an be seen rather than a larger variability. The pressures in Nopert/Sto
derease even stronger than in Nopert/Nosto (Fig. 5.10 b) suh that at 144 h foreast
lead time all but the three weak members fall below 965 hPa. In Nopert/Nosto several
members an be seen that have entral mean sea level pressures between 980 and 965 hPa.
Puri et al. (2001) found that while the targeted perturbations are responsible for apturing
the weakening of the TC the stohasti physis leads to an overall deepening in entral
pressure. For the ases that Puri et al. (2001) investigated this led to an improvement of
the representation of the analysis by the ensemble. In the ase of Tokage, however, the
deepening shown by a large part of the members leads to a derease of the skill of this
foreast. In the ensemble trak foreast for Nopert/Sto it was seen that a lot of traks
are loated west of the deterministi foreast. The position of these members around ET
time seems to be loser to the tropopause potential temperature gradient and even more
favorable for an interation with the upstream trough and a deep re-intensiation than
the position in the deterministi foreast.
Clearly, distint unertainties must be assoiated with the boundary layer parametriza-
tion and the smoothing of the orography. The low resolution of the EPS is not able
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to represent mountains like the Fujiyama (over 3700 m) and islands with a horizontal
extension of about 400 km like Japan orretly.
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Figure 5.19: Same as Fig. 5.10 b but for the runs with stohasti physis.
The stohasti physis yields a beneial impat on the ensemble runs only before the
weakening after landfall and by yielding one more member that shows a weakening after
landfall. Otherwise it leads to a further deviation of the most ensemble members from the
analysis than the runs without stohasti physis and without targeted perturbations. It
annot aount suiently for the weakening of Tokage after landfall.
5.4.2 Eet on the amount of spread
The orret representation of the spread in Nopert/Sto with regard to the RMSE has
been investigated analog to Fig. 5.11. The results have been interpreted relative to Nop-
ert/Nosto and Pert/Nosto (setion 5.3.2). The sizes of the areas of well represented spread
in Nopert/Nosto are visualized in the plot for Nopert/Sto by blak lines (Fig. 5.20).
At ET time on 21 Otober 00 UTC the region of well represented spread downstream
of the TC is larger in Nopert/Sto (Fig. 5.20) than in Nopert/Nosto (Fig. 5.11 b). The
two plumes of nearly zero or positive values downstream of Tokage are wider than in
Nopert/Nosto indiating a better but also a slight overrepresentation of the spread through
stohasti physis. It is of interest to investigate the inuene on the spread due to the
stohasti physis alone (Fig. 5.20) ompared to that due to the targeted perturbations
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(Fig. 5.11 a). Diretly downstream of the ET from 150
◦
E to 180
◦
at 21 Otober 12 UTC
the region of well represented spread in Nopert/Sto is smaller than in Pert/Nosto and
stays so in this plume until 22 Otober 12 UTC.
In spaghetti plots of the 200 hPa geopotential (not shown) it is seen that most of the
ensemble members in Nopert/Sto tend to form high amplitude ridges and show higher
values of geopotential than the analysis. The analysis lies at the edge of the ensemble
members leading to a higher RMSE. However, the plume downstream starting from 170
◦
W to 160
◦
W on 21 Otober 00 UTC is broader than in Pert/Nosto. Here, in ontrast,
more members form troughs and show lower values of geopotential than the analysis.
Hene the analysis is rather in the ensemble mean leading to a smaller RMSE.
From about 23 Otober 00 UTC the plume originating from diretly downstream of the
ET event in Nopert/Sto is broader than in Pert/Nosto. This onrms the statement that
the stohasti physis is important in representing the spread orretly for longer foreast
intervals as found by Buizza et al. (2004). Further dierenes between Pert/Nosto and
Nopert/Sto an be seen in regions remote from the ET. Before ET time, distintly broader
regions of well represented spread in Nopert/Sto an be seen ompared to Nopert/Nosto,
espeially diretly east of 180
◦
(Fig. 5.20). In ontrast, in Pert/Nosto the dierenes
between RMSD and RMSE were equal ompared to Nopert/Nosto before the ET time
(Fig. 5.11 a).
Consequently, while the targeted perturbations play the main role in representing the
spread diretly downstream of the ET and in the plume further downstream at later
foreast times, it is obvious that the stohasti physis is responsible for a better repre-
sentation of the spread everywhere and espeially at later foreast times. This is seen also
by the weaker negative maxima ompared with Pert/Nosto.
The inuene of the stohasti physis on the spread and the downstream propagation
of this inuene is investigated by the aid of the dierene between the RMSD in the
runs with and without stohasti physis as in setion 5.3.2. On the one hand, this gives
information about the impat that the parametrized tendenies an have on the error
growth when the remnants of a TC interat with the midlatitudes. If the parametrized
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Figure 5.20: Hovmoeller plot of the dierene RMSD  RMSE of the geopotential height (m) at
200 hPa within the ensemble runs for Nopert/Sto averaged between 30
◦
 60
◦
N. 10-day foreast from
FCST1. TC positions are marked by blak dots. The isolines that dene the regions in whih the spread
is well represented in Nopert/Nosto (Fig. 5.11 b) are marked by blak lines (-10: dashed, 10: solid).
proesses during an ET are important, the perturbations of the parametrized tendenies
by the stohasti physis are large (Eq. 3.33) and onsequently the spread is high. On
the other hand, the role that stohasti physis plays in generating more spread an be
ompared with that of targeted perturbations.
Until 20 Otober 00 UTC (Fig. 5.21 a) small loalized inuenes of the stohasti
physis (also alled signal in the following) an be seen distributed over the whole western
North Pai and partly over North Ameria at 200 hPa. At this level and foreast time
parametrized proesses assoiated with the upper part of the TC, for example the outow,
seem to be no more important than those in the midlatitude ow that are not loalized
lose to the ET system. Note that at the same time the targeted perturbations inuened
the midlatitude ow downstream of Tokage distintly (Fig. 5.12 ). Hene, at that time
the generation of the spread in the 200 hPa geopotential height in the viinity of the ET
event is almost only assoiated with the targeted perturbations.
At 500 hPa (Fig. 5.21 b) a lear signal an be seen at the loation of Tokage. The strong
onvetion at lower levels within a TC is almost entirely parametrized in global foreast
models beause of its small sales. Consequently, the higher spread at Tokage is probably
generated through perturbing temperature and humidity with the stohasti physis. The
stohasti physis is important in generating spread in the 500 hPa geopotential height
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but omparing Fig. 5.21 b to Fig. 5.12 d it is lear that the inuene of the targeted
perturbations at this time is larger.
One day later, at ET time, three regions of high amplitude signal an be seen at 200
hPa (Fig. 5.21 ). These have grown strongly in the last 24 hours and are fairly onned.
One is loated upstream of Tokage (at about 130
◦
E and 35
◦
N) around the position
where most of the ensemble members show the trough that interats with the typhoon
(as seen in spaghetti plots, not shown), i. e. further west than the analyzed position.
The seond, that is the largest in sale and amplitude at ET time, is seen downstream
of Tokage assoiated with more variability in the representation of the ridge. The signals
up- and downstream of Tokage are still smaller in sale and amplitude than the signal
between Pert and Nopert (Fig. 5.12 e) at ET time. The third region is farther downstream
at about 150
◦
W and 55
◦
N and almost stationary. It has grown strongly from 24 hours
before ET (Fig. 5.21 a) and is not onneted to the ET event. Beause this third region
at 200 hPa is hardly visible at 500 hPa it is supposed that the parametrized tendenies
assoiated with upper-level turbulene are responsible for the perturbation growth in this
region. This signal is responsible for the better representation of the spread in the plume
at about 170
◦
W to 160
◦
W strething downstream from 21 Otober 00 UTC (Fig. 5.20).
At 500 hPa (Fig. 5.21 d) the signal upstream of Tokage's analyzed position is still small-
sale. Presumably, it is onneted to the onvetive ores of the TCs shown by some of the
ensemble members (ompare TC enters in bottom right orner of Fig. 5.18). Around 147
◦
E and 17
◦
N a similar signal in the stohasti physis assoiated with Typhoon Nok-Ten
(2004) an be identied.
One day after ET the signals at 200 hPa (Fig. 5.21 e) have grown further and a small
part of the signal diretly downstream of Tokage has propagated into the ut-o low that
is loated at about 175
◦
E and 30
◦
N. The inuene of the stohasti physis has not
grown as strongly as the inuene of the targeted perturbations yet. This agrees with the
omparison of the RMSD with the RMSE (Fig. 5.20).
A part of the signal assoiated with Tokage at 500 hPa (Fig. 5.21 f) has propagated
downstream one day after ET time. Three days after ET (not shown) the signal overs
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an area of 30
◦
in longitudinal and 20
◦
in latitudinal diretion at 200 hPa. Almost no
negative values an be seen in Fig. 5.21. Thus, in ontrast to Pert/Nosto, the plume
of Nopert/Nosto ensemble members, and hene the variability in Nopert/Nosto, is not
shifted ompared to the variability in the members in Nopert/Sto.
These results onrm the statement found by investigating the dierenes of RMSD
and RMSE (Fig. 5.20) that for longer foreast times the stohasti physis is mainly
responsible for the generation of spread.
a) b)
) d)
e) f)
Figure 5.21: Same as Fig. 5.12 but for ensemble runs with and without stohasti physis. Foreasts
for 24 hours prior to ET (a, b), for ET time (, d) and for 24 hours after ET (e, f). The position of Tokage
is marked by a blak hurriane symbol.
A better physial understanding of this role an be gained by investigating the hange
in spread of variables like temperature and wind beause, together with spei humidity,
these are the variables that are perturbed by the stohasti physis (Buizza et al., 1999).
It is supposed that parametrized proesses in the mid-troposphere are represented to large
parts by gridsale temperature tendenies (Puri et al., 2001) and that parametrized pro-
esses in the upper troposphere, e. g. turbulenes in the jet, are represented by gridsale
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tendenies in the wind eld as onvetion plays no role in the upper troposphere. There-
fore, the 500 hPa RMSD dierene in the temperatures and the 200 hPa RMSD dierene
in the horizontal windspeed between Sto and Nosto is shown for foreasts from FCST1
(Fig. 5.22). Additionally, the ontrol foreast of the temperature is shown at 500 hPa
(Fig. 5.22, right) and the ontrol foreast of the potential temperature on the dynami
tropopause (Fig. 5.22, left).
One day before ET a signal in form of a large ring an be seen overing the strong
gradient in the potential temperature at the dynami tropopause that desribes the shape
of the ridge downstream of Tokage. Considering a satellite piture of Tokage taken on 20
Otober 2004 0156 UTC (Fig. 5.23), i. e. about 2 hours after the time shown in Fig.
5.22 a and b, it is obvious that the outer rim of the loud shield from Tokage's outow
orresponds well with the ring of enhaned spread. This suggests unertainty in the ridge
building assoiated with Tokage's outow.
At ET time the annular signal of the outow at 200 hPa (Fig. 5.22 ) has grown in
amplitude and radius . It extends further downstream into the upper level trough at about
175
◦
E. The signal still overs the region of the high gradient in the potential temperature
assoiated with the ridge. Signals an be seen in remote regions from the TC also, for
example in the deep tropis and in a ridge lose to the west oast of the United States,
but these signals are smaller in amplitude, less spatially onstrained and not onneted
with the ET of Tokage. In fat, the only signal that has a omparable amplitude with the
signal due to Tokage's ET is that at 200 hPa (Fig. 5.22 ) around 140 - 150
◦
E. Its loation
orresponds with that of Typhoon Nok-Ten and, therefore, is probably assoiated with
the outow of Nok-Ten.
One day later two regions of large potential temperature gradient an be distinguished
at the dynami tropopause (Fig. 5.22 e) north of Tokage. One of them desribes the form of
the ridge belonging to the trough-ridge-trough pattern assoiated with the ET, the other
one is assoiated with a wider weaker extension of that ridge. Maxima of the inuene of
the stohasti physis an be found around the rest of the ridge diretly downstream of
Tokage and along the seond potential temperature gradient around 60
◦
N and 130 - 160
◦
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E. The enhaned spread assoiated with the wider weaker extension of the ridge results
from more variability in the ensemble members in representing a yloni wrap-up of the
ridge (Thornroft et al., 1993) as will be desribed in setion 5.4.3 below.
a) b)
) d)
e) f)
Figure 5.22: As Fig. 5.21 but RMSD dierenes (shaded) for Sto and Nosto of the horizontal wind
(ms
−1
) at 200 hPa (a, , e) superposed on the potential temperature on the dynami tropopause (K,
ontours) and the temperature (K) at 500 hPa (b, d, f) superposed on the temperature of the ontrol
foreast (K, ontours) as variable. Foreasts for the same times as in Fig. 5.21.
In the temperature eld at 500 hPa (Fig. 5.22 b) a small-sale signal is loated at the
TC enter. This signal is slightly further upstream than the signal in the geopotential
(Fig. 5.21 d). The same is observed at ET time (Fig. 5.22 d ) and 24 hours (Fig. 5.22 f)
thereafter. The signal stays slightly west of the signal seen in the geopotenial and grows
in sale.
It seems very likely that the perturbations in the upper level wind eld are assoiated
with the interation of Tokage with the midlatitudes. The higher spread aused by the
stohasti physis demonstrates the distint inuene of the outow of Tokage on the
midlatitude ow. One ause for the growth of the signal in the wind eld of the outow may
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be dynamial impats of the perturbed temperature and moisture tendenies. Changes in
the representation of the onvetive ores of the TCs, when perturbed by the stohasti
physis in the mid-troposphere at previous times, have a diret impat on the variability
in the region of the outow. Alternatively, the ring of higher spread may be aused by
unertainty due to turbulene generated by the outow when impinging on the midlatitude
jet.
The position of the signal in the temperature further eastwards than in the geopotential
an be attributed to the typial eastward tilt of the axes of same temperature throughout
the troposphere of a developing barolini system whereas the troughs and ridges are
tilted westwards (Holton, 1992).
The regions in whih the stohasti physis strongly enhanes the variability in the
ensemble are those where the interation of Tokage with the midlatitudes takes plae. It
was seen that the higher spread in this region is important for the representation of the
unertainties assoiated with Tokage's ET (Fig. 5.20).
Figure 5.23: Satellite piture (NOAA-17) of Tokage over Japan at 20 Oto-
ber 2004 0156 UTC (National environmental satellite, data, and information Servie,
http://www.nd.noaa.gov/oa/limate/researh/2004/ot/hazards.html).
In Hovmoeller plots it is seen that at both levels the dierene between the RMSD
of Nopert/Sto and the RMSD of Nopert/Nosto (the signal) starts to grow later and
more slowly ompared to in the omparison of Pert and Nopert (Fig. 5.14). The signals
seem to propagate with the group veloity of the Rossby-wave-train as well. Clearly, the
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a) b)
Figure 5.24: Hovmoeller plot of RMSD dierene of the geopotential height between the ensemble
runs with and without stohasti physis without targeted perturbations on Tokage (shaded, m) and
analyzed meridional wind omponent (ontours, ms
−1
) at 200 hPa (a) and 500 hPa (b) averaged between
30
◦
 60
◦
N. 10-day foreast from FCST1. ET position is marked by a blak dot.
easternmost signal is situated too far downstream to be assoiated with the wave paket
originating from Tokage's ET. However, at later foreast times, when all three signals
have grown distintly, parts of the signal due to the ET of Tokage have traveled into the
downstream trough at about 120
◦
W and merged with the downstream signal.
The notable growth of the signal due to the stohasti physis in the sphere of inuene
of the ET is remarkable beause the perturbation by the stohasti physis is applied
to the parametrized tendenies all over the globe. It demonstrates the important role of
the parametrized tendenies during an ET. Unertainties due to parametrized tendenies
seem to have an inuene on the redution of the downstream preditability. However,
note that new random numbers are added to the parametrized tendenies every 6 hours
(setion 3.2.2). Hene, a large signal an disappear quikly with inreasing foreast time
while somewhere else a signal grows. Hene, the downstream inuene of unertainties in
the parameterization is not as lear as that of targeted perturbations. The unertainties
enhaned by the ET yet ontinue growing beyond a foreast time of 10 days.
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5.4.3 Response on Clustering
The EOF and luster analysis is performed for the Nopert/Sto runs. The EOF patterns
(not shown) are very similar to those of Nopert/Nosto (Fig. 5.15 , d) and their perent-
age of ontribution to the total variability is also similar (Table 5.1). This orresponds
with there being no shift of the loations of high variability between Nopert/Sto and
Nopert/Nosto in ontrast to Pert/Nosto and Nopert/Nosto (setion 5.4.2).
Three lusters were obtained in Nopert/Sto, as in Nopert/Nosto. Two of them are very
similar to two of the lusters in Nopert/Nosto. The lusters that ontribute positively
to the shift pattern in Nopert/Sto (Fig. 5.25 ) and Nopert/Nosto (Fig. 5.16 ) develop
quikly and show the entral pressure of the TC further east than all of the other Nopert
lusters. Small dierenes an be seen only in the depth of their entral pressures.
The lusters that ontribute positively to the amplitude pattern of Nopert/Sto (Fig.
5.25 a) and Nopert/Nosto (Fig. 5.16 d) both show high amplitude ridges, the TCs are
lose to the upstream troughs whih wrap up ylonially at the dynamial tropopause.
All of the lusters both in Nopert/Sto and Nopert/Nosto that ontribute positively to
one of the variability patterns show a deep re-intensiation of the ET system and their
downstream troughs form ut-o lows.
Dierenes an be seen in the lusters of Nopert/Sto (Fig. 5.25 b) and Nopert/Nosto
(Fig. 5.17 ) that ontribute negatively to both of the variability patterns. The Nopert/Sto
luster has a more distint trough-ridge-trough pattern at the dynamial tropopause than
the weakest Nopert/Nosto luster. The rear of the ridge is steeper, possibly due to a
stronger outow of the TC whose entral mean sea level pressure is about 5 hPa deeper
than for the luster in Nopert. The downstream trough is deeper also and oriented north-
southwards in Figs. 5.25 a, b. The orientation of that downstream trough in the Nop-
ert/Nosto luster in Fig. 5.17  was the same but the trough itself was muh weaker.
The luster in Fig. 5.25 b shows the weakest ET and re-intensiation for Nopert/Sto.
However, the weakest Nopert/Sto luster shows deeper entral pressures than the weakest
Nopert/Nosto luster (Fig. 5.17 ) whih in turn shows deeper entral pressures than the
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Figure 5.25: 3 luster for Tokage with
stohasti physis and without targeted pertur-
bations for the ensemble foreast from FCST1
valid on 21 September 12 UTC, i. e. 12 hours
after the investigation time.
weakest Pert/Nosto lusters (Fig. 5.17 a).
As stated above, the stohasti physis rather seems to deepen the entral mean sea
level pressures in the ensemble members leading to systems that are even stronger than
in Nopert/Nosto. For systems with a very strong re-intensiation the stohasti physis
might draw the ensemble members loser towards the analysis. In the ase of Tokage,
however, the entral pressure of ensemble members in the runs with the stohasti physis
are further from the analysis.
5.5 High resolution experiments
On 1 February 2006 a new onguration was implemented at the ECMWF in the ourse
of whih the operational deterministi foreast in the IFS was upgraded from a resolution
of T511L60, i. e. trunation after wave number 511 (grid spaing ∼ 40 km) and 60 vertial
levels, to T799L91 (grid spaing ∼ 25 km). The upgrading of the EPS was from T255L40
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(grid spaing ∼ 80 km) to T399 (grid spaing ∼ 50 km) (Unth et al., 2006). To initialize
an ensemble foreast with the new EPS the initial perturbations are generated using SVs
with higher vertial resolution. They are alulated with T42L62, i. e. with 62 levels
in the vertial, instead of T42L40. In the new operational model yle (30r1) several
other important hanges were implemented with regard to the assimilation of the grid
point humidity and ozone, the oeient for the ozone alulation, and the wave height
information.
This high resolution onguration of the EPS was tested performing the same experi-
ments without stohasti physis as in setion 5.3 but with the latest model yle (31r1).
One question of interest is whether the improved representation of orography (over 3700
m) and of the horizontal extension of Japan leeds to a better foreast of the weakening of
Tokage after its landfall as seen in the analysis.
As the results in setion 5.3 were alulated with an earlier model yle it would not
be aurate to use them for a omparison between the low and high resolution. Thus, the
foreasts for the Pert/Nosto and Nopert/Nosto experiments had to be rerun with initial
perturbations alulated with T42L62 SVs and with the new model yle. Consequently,
the dierene between these high and low resolution runs using the same model yle
(31r1) onsists only of dierenes in the horizontal resolution. In the following the new
onguration with high horizontal resolution is referred to as Highres onguration
and the new onguration with the low horizontal resolution is referred to as Lowres
onguration. In the interest of larity the earlier model yle, with whih the experiments
in setions 5.2, 5.3 and 5.4 have been alulated and whih has the ECMWF identier
29r2, is referred to as L40_29r2. This is the onguration with both low horizontal and
vertial resolution.
5.5.1 Eet on traks
The representation of the reurvature in the high horizontal resolution ensemble trak
foreast, i. e. Pert/Nosto/Highres, for Tokage from FCST1 (Fig. 5.26 a) is ompared with
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the low horizontal resolution trak foreast, i. e. Pert/Nosto/Lowres (Fig. 5.26 b).
Around the reurvature time many more members lie to the east of the analysis, best
trak and the deterministi foreast in Lowres (Fig. 5.26 b). The plume of ensemble
traks is shifted slightly to the west in Highres (Fig. 5.26 a) suh that the analysis lies
loser to the enter. Shortly after reurvature the members in Highres are loser together.
Only one trak lies further east and one further west from the majority at 72 and 84
hours foreast time. The fat that analysis, deterministi foreast and best trak lie lose
together about 1 day after the reurvature, i. e. 1 day prior to ET, indiates rather high
preditability at this time. Consequently, it is supposed that the spread in the Lowres
runs is a bit too high shortly after reurvature. Shortly before ET time the spread in the
trak foreasts in Highres is slightly larger than in Lowres. The best trak at ET time
lies at the edge of the ensemble members with only one member south of it in Lowres
while in Highres several members are south and east of the best trak at ET time. In
this area the analysis, the best trak and the deterministi foreast deviate from eah
other indiating lower preditability. After ET time neither the analyzed trak nor the
best trak are represented by the ensemble.
This omparison suggests that the model runs with the high resolution have a more
realisti spread in the TC trak foreast as they aount for a high preditability with a
smaller spread and for a low preditability with a larger spread than Lowres. The positions
of the ensemble members loser to the analyzed ET position and, hene, further east at
ET time seems to be due to the new model yle beause they are seen in Lowres as well.
In the L62 runs for Pert/Nosto/Lowres a bifuration in the entral pressure values of
the ensemble members seems to exist (Fig. 5.27 b). One small group of members follows
the lling of Tokage and re-intensies only weakly or not at all, the members in the other
group do not ll but re-intensify deeply. The highest values of mean sea level pressure in
the weak group are slightly lower and the minimum values in the strong re-intensifying
group are about 10 hPa deeper than in the Pert run with 40 vertial levels (Fig. 5.10 a).
The weakening of the small group seems to be due to the landfall of the TC. However,
their entral pressure values remain too deep. Comparing the L40_29r2 (Fig. 5.10 a)
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a)
b)
Figure 5.26: Same as Fig. 5.9 a but alulated with the new model yle (31r1) for a)
Pert/Nosto/Highres and b) Pert/Nosto/Lowres.
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and L62 (Fig. 5.27 b) runs with low horizontal resolution for Pert from 144 to 168 hours
foreast time gives the information that the runs alulated with the new model yle
yield muh more spread for longer foreast times.
The splitting of the ensemble members in a group that shows a lling due to landfall
ombined with a weak or no re-intensiation after ET and another group that shows a
deep re-intensiation an be seen in Highres as well (Fig. 5.27 a). Two of the members
among the weak group even reah the high mean sea level pressure values shown by
the analysis with 12 and 24 hours delay respetively and slightly more members than in
Lowres (Fig. 5.27 b) do not re-intensify at all. One of the members that re-intensify deeply
reahes a value of 926 hPa at 144 hours foreast time. The spread in the mean sea level
pressure in Highres is larger from ET time on.
The high resolution is apable of representing the weakening seen in the analysis with a
delay. Furthermore, the Highres runs yield an improvement of the ensemble foreast in that
more members do not re-intensify or do only re-intensify weakly and hene desribe the
behavior of the analysis even though they show mostly deeper pressure values. Finally,
the higher resolution leads to higher spread for long foreast intervals improving the
repeatedly mentioned lak of spread after about 5 days foreast time. However, even in
the runs with higher horizontal and vertial resolution the abrupt lling of Tokage is not
foreast by the ensemble.
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Figure 5.27: Same as Fig. 5.10 a but alulated with the new model yle (31r1) for a)
Pert/Nosto/Highres and b) Pert/Nosto/Lowres.
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5.5.2 Eet on the amount of spread
The representation of the spread has been ompared for Pert/Highres, Nopert/Highres,
Pert/Lowres and Nopert/Lowres (Fig. 5.28). In this ase the blak lines in Pert/Highres
(Fig. 5.28 a) represent the areas of well represented spread in Pert/Lowres (Fig. 5.28 )
and those in Nopert/Highres (Fig. 5.28 b) represent the areas of well represented spread
in Nopert/Lowres (Fig. 5.28 d).
In the Pert and Nopert Lowres results with the L62 resolution (Fig. 5.28 , d) the region
of nearly zero values RMSD  RMSE downstream of the ET is broader than in the run
with the L40_29r2 resolution and the earlier model yle (Fig. 5.11 a, b). The two plumes
have merged. The region in whih the spread is represented orretly expands from 150
◦
E to about 150
◦
W without interruption and broadens with foreast time.
Investigation of spaghetti plots of the 200 hPa geopotential height (not shown) yields
the information that the spread in the trough downstream of Tokage is muh higher than
in the run with low vertial resolution. More members that have high amplitude ridges
and downstream troughs an be seen. In the region where the ow beomes more zonal
again  downstream of the downstream trough  more members are lose to the analysis
giving a lower RMSE.
The areas in whih the spread is overrepresented, however, have inreased as well. As
in the L40_29r2 runs there are some dierenes between Pert and Nopert Lowres in the
broadness of the two plumes downstream of the ET. In Pert/Lowres broader regions of well
represented spread an be seen than in Nopert/Lowres and the regions where the spread
is underrepresented strongly, for example on 23 Otober 00 UTC at about 170
◦
E and on
24 Otober 00 UTC at about 140
◦
W, show weaker values in Pert/Lowres. However, the
spread is overrepresented in larger regions in Pert/Lowres than in Nopert/Lowres. This
was not seen in the runs with the older model yle (setion 5.3).
In Pert/Highres (Fig. 5.28 a) the positive values on 22 Otober 00 UTC in the region
of the trough downstream of the ET (at about 170
◦
W) are smaller than in Pert/Lowres
(Fig. 5.28 ) and in Nopert/Highres the values are nearly zero (Fig. 5.28 b) indiating a
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a) Pert/Highres b) Nopert/Highres
) Pert/Lowres d) Nopert/Lowres
Figure 5.28: As Fig. 5.11 but alulated with the new model yle (31r1) for (a, b) Highres and (,
d) Lowres. Left: runs with targeted SVs, right: runs without targeted SVs on Tokage. The isolines that
mark the regions of well represented spread in () are marked by blak lines (-10: dashed, 10: solid) in
(a), those that mark the regions of well represented spread in (d) are marked in (b).
more realisti spread assoiated with the ET event. This onrms the results from the
investigation of the traks (setion 5.5.1). Investigating the spaghetti plots (not shown) a
better grouping of the members in this region an be notied. The main group lies around
the analysis that shows only a weak trough and a smaller one desribes a deep trough or
a ut-o low. Also before ET the spread is represented better by both Pert and Nopert
Highres in many areas. However, from ET time until 2 days after ET the spread in the
plume further downstream of the ET event starting from about 180
◦
is overrepresented
by the high resolution runs.
It an be onluded that the high resolution yields a better representation of the uner-
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tainties around the ET propagating downstream. The Highres ensemble foreast redues,
with few exeptions, the overrepresentation of the unertainties in the ridge-trough sys-
tem diretly downstream of the ET event. However, further downstream the spread is still
overrepresented.
5.5.3 Response on Clustering
The inuene of the high horizontal resolution on the synopti development is investigated
with the analysis method desribed in setion 4.3.
Four lusters were found for Pert and 3 for Nopert with both Highres and Lowres. An
overview over the dierenes between the runs with the old and the new yle is given
by presenting the relative loation of the trough-ridge-trough pattern at the tropopause
versus the position of the TC in terms of mean sea level pressure in the dierent lusters
(Fig. 5.29). The luster means of the 350 K isentrope (solid) and the 995 hPa isobar
(dashed) are shown in the same olor within eah luster for the L40_29r2 runs (Fig.
5.29, left) and the L62_Lowres runs (Fig. 5.29, right), for Pert (Fig. 5.29, top) and Nopert
(Fig. 5.29, bottom). Furthermore, the same olor has been hosen for lusters with the
same ontributions to the variability patterns as given in Tables 5.1 and 5.2.
For the L62_Lowres runs the shift pattern desribes muh more of the total variability
than the amplitude pattern for Pert and Nopert (Table 5.2) in ontrast to the L40_29r2
runs where the amplitude pattern desribes the highest perentage of variability in Pert
(Table 5.1). This dierene beomes manifest in more variability in the representations of
the speed of the ET development and the inlination of the trough-ridge-trough pattern
for Pert/Nosto in the L62_Lowres runs (Fig. 5.29 b). Three of the four ridges show
their rests at about the same latitudinal position varying only in their inlination to the
east or to the west. Smaller distanes of the 995 hPa isobars to the upstream troughs are
assoiated with higher amplitudes of the ridges in the lusters. In fat the relative loation
of the TCs to the upstream troughs in the lusters (Fig. 5.29 b) look like a time series of
an ET event beginning with red, ontinuing over green and blue and ending with blak.
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a) Pert/T255L40_29r2 b) Pert/T255L62
) Nopert/T255L40_29r2 d) Nopert/T255L62
Figure 5.29: Spaghetti plots of the luster means of the 350 K isentrope and the 995 hPa mean sea level
pressure isobar. Ensemble foreast for Tokage with the old model yle, i. e. T255L40_29r2 resolution, a)
with and ) without perturbations and with the new model yle, i. e. T255L62 resolution, b) with and
d) without perturbations from FCST1 valid on 21 Otober 12 UTC, i. e. 12 hours after the investigation
time. Same olors indiate same ontribution to the variability patterns (ompare Table 5.2).
The L40_29r2 runs for Pert show more variability in the amplitude of the trough-ridge-
trough pattern (Fig. 5.29 a) leading to dierent intensities of the TCs during ET and to
dierent strengths of re-intensiation (see setion 5.3 and Table 5.2). For Pert the blak
luster in L62_Lowres (Fig. 5.29 b) whih has the same signs of ontributions to the
variability patterns as the blak luster in L40_29r2 (Fig. 5.29 a), shows the quikest
ET development. In L40_29r2 the blak luster shows a deay, however. The dierent
developments of the blak luster in Pert for L62_Lowres and L40_29r2 is aused by the
dierent strong ontribution to the variability patterns. In L40_29r2 the blak luster
ontributes with 18.4 % to the amplitude and only with 11.2 % to the shift pattern.
Therefore, the negative ontribution to the amplitude pattern has a strong eet in this
luster and the TC deays. In 62_Lowres, however, the blak luster ontributes with 22.4
% to the shift and only with 9.4 % to the amplitude pattern. Consequently, the positive
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ontribution to the shift pattern has a strong eet and the ET system moves quikly to
the east. Furthermore, in Fig. 5.29 b it is seen that all of the lusters, and, onsequently,
also the ensemble mean, have quite high amplitude ridges. Note that in deduing the ET
development in one luster from the EOFs it is important to keep in mind the perentage
ontribution to the shift and amplitude pattern.
As desribed in setion 5.3 the weakest (blak) luster annot be found in Nopert/Nosto
for L40_29r2 (Fig. 5.29 ). The development of the ET event in Nopert for L62_Lowres
resembles a time series as well but the luster that ontributes negatively to both vari-
ability patterns (red in Fig. 5.29 d) is a ombination of the two lusters that ontribute
negatively to the shift pattern in Pert (red and green in Fig. 5.29 b). As in Pert for
L62_Lowres the blak luster shows the quikest ET development and is not present in
Nopert for the L40_29r2 runs.
The dierenes in the old and the new model yle with respet to the luster formation
are suh that with the old model yle the ensemble foreast tends to form more lusters
that are weaker while with the new model yle the foreast puts more emphasis on the
lusters that show the ET system moving eastwards more quikly. In eah of the runs,
the luster that shows the quikest development represents the position of Tokage best
even though its entral pressure is too strong and the amplitude of the ridge is too high.
Note that the dierenes in the runs with the T255L40_29r2 and the T255L62 resolution
annot be attributed to the dierenes in vertial resolution alone as the old and the new
model yle dier in more than the resolution.
In the L62_Highres runs the lusters look quite similar to the lusters in L62_Lowres
both for Pert and Nopert. Dierenes an be seen mainly in the entral pressures shortly
after their landfall, partly in their re-intensiation and in the number of members that
ontribute to the dierent lusters (Table 5.2).
As the fous of the investigation of the high resolution ensemble foreast is on the land-
fall, the 4 Pert/Nosto/Highres lusters and 2 of the Pert/Nosto/Lowres lusters are shown
in Figs. 5.30 and 5.31 for times orresponding to the earliest available time after their
landfalls. These times are dierent for the dierent lusters aording to the respetive
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speed of their ET development. Additionally, the time of the analyzed landfall of Tokage,
i. e. 20 Otober 12 UTC is shown (Fig. 5.31 ). Firstly, the lusters that show a quik
development of the ET, i. e. that have a positive ontribution to the shift pattern (blak
and blue in Fig. 5.29 b, d) are ompared for Pert/Lowres and Pert/Highres.
The rst time after landfall is 20 Otober 12 UTC (Fig. 5.30), as in the analysis. The
TCs in Highres (Fig. 5.30, left) weaken slightly more in terms of their entral pressure
values than in Lowres (Fig. 5.30, right). However, omparing them with the analysis (Fig.
5.31 ) it is obvious that the TCs are still muh too strong. Furthermore, 12 hours later
only the luster that ontributes negatively to the amplitude pattern (Fig. 5.30 ) re-
intensies moderately and all the others in Fig. 5.30 show a strong re-intensiation after
ET while the system in the analysis does not re-intensify (Fig. 4.2 ).
a) b)shift + amp + shift + amp +
) d)shift + amp - shift + amp -
Figure 5.30: 2 of 4 lusters for Tokage that ontribute positively to the shift pattern for Pert/Highres
(a, ) and for Pert/Lowres (b, d) for the ensemble foreast from FCST1 valid on 20 Otober 12 UTC, i.
e. 12 hours before the analyzed ET time.
For the lusters that ontribute negatively to the shift pattern only the Pert/Highres
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lusters are shown (Fig. 5.31) as the Pert/Lowres lusters that ontribute negatively to
that pattern are very similar to them. One of them (Fig. 5.31 b) made landfall at the
ET time in the analysis, in the other one (Fig. 5.31 a) the landfall was just a bit earlier.
The mean sea level pressure in the luster with the positive ontribution to the amplitude
pattern (Fig. 5.31 a) is too deep and the TC has moved too far to the north. It is lose
to the upstream trough and re-intensies strongly 12 hours later. In the luster with the
negative ontribution to the amplitude pattern (Fig. 5.31 b) the weakening of the TC due
to landfall and its loation is represented best but remember that the time shown is 12
hours after the analyzed time of Tokage's landfall. After the time shown in Fig. 5.31 b)
the TC approahes the upstream trough and re-intensies moderately while the analyzed
Tokage moves to the west, stays away from the upstream trough and weakens (Fig. 4.2
).
The Nopert runs for Highres (not shown) look rather similar to the Nopert/Lowers
runs in terms of the shape of the tropopause and the loation of the 955 hPa isobar
assoiated with Tokage (Fig. 5.29 d). In ontrast to the weaker entral pressures in the
Pert/Highres ompared with the Pert/Lowers runs, the entral pressures in the lusters
alulated with Nopert/Highres are slightly deeper than those in the lusters alulated
with Nopert/Lowres. Consequently, the additional targeted perturbations make a bigger
dierene in the Highres than in the Lowres runs.
It an be onluded that in the high resolution runs the weakening of Tokage after
landfall is slightly better represented beause in two of the Highres lusters the entral
pressure diretly after landfall is weaker than in Lowres. In Highres the range of possible
developments is larger. Although in one of the lusters the TC weakens almost to the values
of the analyzed entral pressure with 12 hours delay, the analysis is not well represented
as all of the lusters show a re-intensiation. The non or weakly re-intensifying members
seen in setion 5.5.1 have been grouped in dierent lusters beause their time of re-
intensiation is dierent.
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a) b)shift - amp + shift - amp -
)
Figure 5.31: 2 of 4 lusters for Tokage that ontribute negatively to the shift pattern for Pert/Highres
(a, b) for the ensemble foreast from FCST1 valid on 21 September 12 UTC, i. e. at the analyzed ET
time. ) analysis at 20 Otober 12 UTC, i. e. time of Tokage's landfall.
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6 Conlusions
The variability in the ECMWF EPS system during the ET of ve TCs has been investi-
gated. The TCs overed a wide range of intensity on the Sar-Simpson sale. Examples
of strong and weak events in both the North Atlanti and the western North Pai were
investigated.
All ve ases exhibited a harateristi trough-ridge-trough pattern in the midlatitudes
on the dynami tropopause, onsisting of the trough that interats with the respetive
TC, a ridge diretly downstream and a seond trough downstream of the ridge. It beame
evident that the ET events were assoiated with high unertainty in the EPS.
The standard deviation, one of the onventional measures of spread, was used to quan-
tify the unertainty on 200 and 500 hPa. The regions of highest standard deviation in the
major TC ases ould be found from 18 to 60 h after ET in a trough upstream of the
ET, diretly assoiated with the ET and in a downstream trough. As the strong inrease
of standard deviation was always shortly after ompletion of the ET irrespetive of the
foreast interval prior to it, evidene is given that the unertainty is tied to the ET. In the
weak ET ases the highest unertainties ould be found slightly later after ET than for
the strong ases, at the loation where their remnants merged with the respetive midlat-
itude system. While naturally, the unertainty in the ensemble grows for longer foreast
times, several days after ET the high values of standard deviation assoiated with the ET
event derease to more normal values ompared with regions that are not inuened by
the ET. This derease further demonstrates the onnetion between the high variability
in the ensemble and the ET event.
Unertainties in the foreast ould be assoiated both with the reurvature and with
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the ET itself. The foreast of reurvature is very sensitive to small errors in the initial
onditions. A small foreast error an result in the tropial ylone not moving into the
region relative to the upstream trough that is favorable for re-intensiation. Initializing
the foreast at times, when the relative loation of the respetive upstream trough to the
reurving TC, i. e. the phasing, was better dened, yielded muh lower unertainty for
the same foreast lead time. The onnetion of the inreased variability among ensem-
ble members to the respetive ET is redued but still a omparatively high unertainty
assoiated with the ET event remains.
With the aid of an analysis method that onsists of the alulation of EOFs and the
lustering of the prinipal omponents at times shortly after ET, it was found that the
EOFs in all ve investigated ases showed robust strutures assoiated with the ETs. The
variability in the EPS revealed by them is related to physial senarios. The unertainty
was based mainly on two variability patterns: one pattern, that desribes an east-west
shift of the trough-ridge-trough pattern, and another one, that desribes the amplitude
of the trough-ridge-trough pattern. Although the maxima of variability assoiated with
ET dereased with dereasing foreast time, the variability patterns remained onneted
to the synopti features of the ET.
By the aid of a fuzzy luster analysis ensemble foreasts were grouped into dierent
lusters aording to similar foreast senarios assoiated with the ETs. It ould be seen
that similar signs of ontribution of the individual lusters to the variability patterns in all
ve ases led to similar developments of the ETs. A higher amplitude of the trough-ridge-
trough pattern in one luster would imply a deeper re-intensiation of the system and
a lower amplitude would imply a weaker re-intensiation than in the other lusters. An
eastward shift of the trough-ridge-trough pattern implies a faster motion and development
of the ET system, whereas a westward shift implies a slower motion and development than
in the other lusters. These links have the potential to give the foreaster a hint on the
future development of the system from examining the pattern of the dynami tropopause
during ET.
With the aid of the analysis method a range of very dierent possible atmospheri
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developments in the regions of high variability were extrated. Through the lustering,
probabilities ould be assigned to eah of these developments based on the number of
members ontained in eah luster. Furthermore, indiations of atmospheri evolutions
assoiated with the ETs that are not probable but possible are given. Hene, the large
number of ensemble members, showing very dierent developments during ET, is redued
to a small for a foreaster easy managable amount of ET senarios that are provided with
a probability of the ET event ourring.
In most of the foreasts from FCST2 fewer lusters were found. These were onsequently
larger than those in FCST1. The fat that the largest lusters were most similar to the
analysis is an indiation of higher preditability. Clusters that showed a high deviation
from the ensemble mean were no longer found. These results supports the hypothesis of
Harr et al. (2007) that a lower unertainty is assoiated with a derease in the number of
lusters.
The importane of ensemble predition was onrmed using ases in whih the deter-
ministi foreasts were inaurate. In one of the ases a low probability was assigned to the
erroneous deterministi foreast and in another one an early indiation was given of the
development that ould be found in the analysis but was not shown in the deterministi
foreast.
For the purpose of making available the analysis method explained and used in this
study onsisting of EOF and fuzzy luster analysis for operational foreast it would be
desirable to nd an objetive measure of the orret number of lusters.
In the seond part of the study EPS experiments for one spei ase were arried
out. The aim of the experiments was to ompare the inuene of targeted perturbations,
stohasti physis and higher resolution on trak and intensity foreast, representation of
overall spread during an ET, downstream propagation of unertainties introdued by an
ET event and grouping of the ensemble members in the regions of unertainties.
The ase of Tokage was hosen beause this tropial ylone seemed to have the most
ative inuene on the formation of the harateristi trough-ridge-trough pattern that is
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inherent in all the investigated ases. Furthermore, the trak and intensity foreasts for
the reurvature and the ET of Tokage were barely aptured by the ECMWF ensemble and
the weakening after the TC's landfall on Japan was underestimated by all the ensemble
members.
For the purpose of rerunning new ensemble foreasts the SVs were realulated to
be onsistent with the model yle used for the experiments. The realulation of the
initial singular vetors targeted for the optimization region of Tokage inluded the hanges
implemented in September 2004 in that the alulation of the optimization regions was
extended to 50
◦
latitude. The horizontal and vertial strutures, the distribution of energy
and the oinidene with a measure of barolini instability (the Eady index) of these
targeted SVs were investigated and ompared to well known features of extratropial SVs.
Subtropial SVs have dierent properties to extratropial SVs. Their dierent stru-
tures, smaller horizontal and vertial tilts and more equalized ratio of available potential
and kineti energy desribe rather barotropi and inertial instabilities assoiated with the
TC. These subtropial SVs have maximum amplitude at higher levels in the atmosphere,
onsistent with the higher steering ow inuening a TC. Extratropial SVs are loated
at lower levels and in regions upstream of barolini instability. Their initial total energy
onsists almost only of available potential energy and they are tilted strongly against the
shear, onsistent with well known harateristis.
The EPS experiments showed that suient ensemble spread in the trak and improved
spread in the intensity foreast depends strongly on the additional perturbations targeted
on Tokage. Without these, the trak spread in the foreasts, espeially that around the
reurvature and ET of Tokage, was underestimated and the analysis was not enompassed
by the ensemble members. However, the higher resolution in addition to the targeted SVs
yields a orretion of the marginal overestimation of the spread shortly before ET.
In general, the targeted SVs are expeted to be appropriate to perturb larger sale
features assoiated with the trak foreast. The stohasti physis is needed to perturb
small sale proesses, suh as onvetion in the inner ore of the TC, that determine the
intensity (Puri et al., 2001). In our ase, however, the stohasti physis mainly yields suf-
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ient spread in the intensity for the foreast times before ET. At ET time and thereafter,
the targeted perturbations were responsible for weakening while the stohasti physis led
to more deepening than seen in runs with neither targeted perturbations nor stohasti
physis. For other investigated ases in the literature (e. g. Puri et al. (2001)) the stohasti
physis was neessary to inlude the TCs deep entral pressures in the ensemble beause
these are diult to represent due the ensembles oarse resolution.
Clearly, the weakening, whih was probably assoiated with the landfall due to Japan's
orography in the investigated ase, is a too high hallenge for parameterization shemes.
Other ase studies of the representation of the intensity in the ensemble during the landfall
of a Typhoon on Japan or other small islands might yield insightful omparisons.
The new high resolution model yle with targeted perturbations shows the best spread
in trak and intensity foreast. More members that show a quik movement of Tokage are
reeted whih is, however, rather due to other innovations than to the higher horizontal
resolution. Even with the new model yle with high resolution and with the targeted
perturbations on Tokage the ensemble foreast of the intensity does not enompass the
analysis for a whole day.
The overall spread in terms of the geopotential is depited best by the new model yle
with the high horizontal resolution even without targeted perturbations. The spread is
represented orretly in more regions than with the low horizontal resolution in the sense
that the root-mean-squared-error is equal to the root-mean-squared dierene from the
ontrol foreast. The targeted SVs depit the spread orretly in a region onstrained
around the ET and propagating downstream. The eet of the stohasti physis is weaker
but an be seen all over the foreast area. It grows stronger at later times.
The impat of the SVs targeted on Tokage propagates downstream with the group
veloity of a Rossby-wave-train that has been exited by the interation of Tokage with
the midlatitudes. The amplitude of the wave paket determines the transport of wave
energy whih an trigger ylogenesis far away from the ET event. At 20
◦
per day the
group veloity is slightly smaller than that found by Szunyogh et al. (2002). The growth
and downstream propagation of the impat of the targeted SVs on Tokage yields a good
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measure of the rapidity and the extent of the downstream propagation of errors growing in
assoiation with ET. The results indiate that an ET event an redue the preditability
over an entire oean basin.
The strong growth of the eet due to the stohasti physis in the viinity of the ET
and the partly downstream propagation of this eet demonstrates that there is a distint
redution of preditability due to parametrized proesses assoiated with the ET. Stohas-
ti physis an have an inuene on the downstream preditability through perturbations
aused by Tokage's outow impinging on the midlatitude jet. The unertainties due to
parametrized proesses ontinue growing beyond the medium range.
The use of the analysis method of the rst part showed that 4 lusters were obtained
only in the runs with targeted perturbations. In any other ase, i. e. with stohasti physis
only or with high resolution only, 3 lusters were found. Only the targeted perturbations
with the old model yle yield one luster that shows no ET and, hene, is weaker than the
analysis. The reason for the deay of Tokage in this luster, however, was not the landfall
as in the analysis, but that the TC was too far south of the midlatitude barolini zone.
Even with the higher resolution and with targeted perturbations on Tokage only one
luster showed the weakening due to the landfall. However, in this luster the ex-TC
re-intensied as well as in all the other lusters. This is in ontradition to the analysis.
Apparently, the EPS must have had serious problems in prediting the weakening of
Typhoon Tokage after landfall. The weakening found through the additional targeted
perturbations seems to play an essential role in improving the foreast. However, the new
horizontal resolution of the EPS whih is about 60 km with 62 levels is learly still not high
enough for the omparatively small island of Japan with its ne orographial strutures.
Beause the targeted SVs on Tokage have the biggest benets in weakening the entral
pressures in the ensemble both in the old low resolution and in the new high resolution
model yle it is expeted that a further inrease of the resolution, espeially the horizontal
resolution, with whih the SVs are alulated would yield better intensity foreasts. Buizza
et al. (1998) found that an inrease in horizontal sale from T42 to T63 would give an
extra 25 % growth of disturbanes. Beause of the high omputational expense that an
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inrease of the resolution of SVs would involve it was deided at the ECMWF to rst
inlude more physis in the alulation of the tangent linear and the adjoint model to
improve the alulation of the parametrized proesses.
In this study the inuene of targeted perturbations, stohasti physis and higher reso-
lution on the representation of ET in ensemble foreast was done for the rst time. Further
experiments examining dierent ET ases are needed to investigate these inuenes on
the representation of the unertainty. It is important to test if the results found here an
be arried forward to other ases. This applies in partiular to ases of weaker ETs. Test-
ing the representation of model unertainties by a new stohasti physis sheme whih
has been developed reently at the ECMWF are of interest as well. Further experiments
would allow a better interpretation of the impat that an ET event has on the derease
of preditability. It would be desirable to distinguish the inuene due to the tropial
ylone from unertainties whih would have developed without the TCs inuene in the
midlatitudes.
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List of symbols
Al tangent linear model
αǫk oeient to weight the initial singular vetors
B weight matrix for nal norm
βǫk oeient to weight the evolved singular vetors
ci eigenvetors
C matrix whih has eigenvetors as olumns
cp spei heat at onstant pressure
dik distane between point k and luster i
D dimension
E weight matrix for the total energy norm at optimizat ion time
eǫ ensemble member
E0 weight matrix for the total energy norm at initial time
ǫ index for ensemble members
f Coriolis parameter
F set of nonlinear oupled ordinary dierential equations
g gravity aeleration
177
γ parameter for desription of Lorenz attrator
G index for grid points
H resolved proesses in the alulation of an ensemble member
i,j,k natural number
k unit vertial vetor
κ parameter for desription of Lorenz attrator
L linear propagator inluding dry physis
Lm linear propagator inluding moist physis
λi eigenvalues
Λ diagonal matrix of eigenvalues
m natural number
M nonlinear model solution
µini oeient to determine the magnitude of a perturbation at initial time
µevo oeient to determine the magnitude of a perturbation at nal time
N stati stability
NSV natural number of singular vetors
Npf natural number of perturbed foreasts
νm prinipal omponent
O terms of high order
S volume
p pressure
pr referene pressure
psfc surfae pressure
P projetion operator
φ parameter for desription of Lorenz attrator
Φ variane-ovariane matrix
Π parametrized proesses in the alulation of an ensemble member
Ψ latitude oordinate
q fuzziness oeient
r random number
Rd gas onstant of dry air
ρ probability density funtion (pdf)
σi singular values
σE Eady index
Σ diagonal matrix of singular values
t time
T temperature
Tr referene temperature
θ potential temperature
Θ longitude oordinate
u zonal wind omponent
u 3-dimensional wind veloity vetor
ui evolved singular vetors
U matrix whih has the evolved singular vetors as ol umns
v meridional wind omponent
vh horizontal wind veloity
vi initial singular vetors
V matrix whih has the initial singular vetors as olumns
wik weight for a point k assoiated with luster i
W weight matrix for initial norm
X state of the atmosphere onsisting of all model variables xi
xi model variables desribing the state of the atmosphere
x′0 short for x
′
i0, perturbation of model variable xi at initial time
x′i perturbation of model variable xi
z vertial oordinate
Z natural number denoting the total number of prinipal omponents
ζ relative vortiity
List abbreviations
APE available potential energy
ECMWF European Centre of Medium Range Weather Foreasts
EOF empirial orthogonal funtion
EPS Ensemble Predition System
ET extratropial transition
ETKF Ensemble Transform Kalman Filter
FCST dened foreast time, FCST1 longer before ET, FCST2 shorter before ET
GMT Greenwih Mean Time
Highres experiments with onguration 31r1 and resolution L399T62
IFS Integrated Foreasting System
JMA Japan Meteorologial Ageny
Lowres experiments with onguration 31r1 and resolution L255T62
NCEP National Centers of Environmental Predition
NHC National Hurriane Center
NOAA National Oeani & Atmospheri Administration
Nopert experiments without targeted perturbations around Tokage
Nosto experiments without stohasti physis
UTC oordinated universal time
PC prinipal omponent
PCA prinipal omponent analysis
Pert experiments with targeted perturbations around Tokage
PrepIFS an interative meteorologial appliation to prepare alulations with IFS
PV potential vortiity
PVU potential vortiity unit
RMSD root-mean-squared dierene
RMSE root-mean-squared error
SST sea surfae temperature
STD standard deviation
Sto experiments with stohasti physis
SV singular vetors
T255L40 resolution; examplarily: trunation after wave number 255, 40 level
TC tropial ylone
TY typhoon
WMO World Meteorologial Organization
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